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Advanced engineering structures, particularly in the aerospace field, are expected to 
operate in harsh environments for extended periods while maintaining the highest 
possible efficiency. This is achieved with continuous optimisation of the structural design 
combined with the use of materials that are both lightweight and strong, such as metal 
alloys and fibre reinforced plastic (FRP) composites. Since the integrity and durability of 
structures is dependent on the material condition, the existence of structural damage must 
be identified immediately using various non-destructive evaluation (NDE) methods and 
structural health monitoring (SHM) systems. These methodologies often involve the 
transmission and reception of ultrasonic waves through the material using transducers, 
thus enabling effective, practical and reliable ultrasonic inspection. The damaged 
interfaces inside a material can interact with the propagating waves, and this can give rise 
to recognisable linear and nonlinear ultrasonic effects. In general, inspection methods 
have been found to offer earlier detection of flaws when assessing the nonlinear than the 
linear features in the acoustic/ultrasonic response of the material. 
The research study outlined in this thesis aimed at proposing innovative designs of 
SHM systems and alternative NDE procedures based on nonlinear ultrasound, for the 
enhancement of sensitivity and accuracy in the detection of defects in metallic and FRP 
materials. This work focused on three main SHM/NDE research topics associated with 
specific challenges currently existing in aerospace applications. 
Firstly, a new design of “smart” carbon fibre reinforced plastic (CFRP) laminate 
containing internal piezoelectric lead zirconate titanate (PZT) transducers was proposed, 
which could be utilised in the development of on-board SHM systems without exposing 
the sensors to extreme operating conditions. The novelty is on the methodology used for 
the electrical insulation of the embedded sensors from the conductive carbon fibres. 
Specifically, sensors were covered with a thin glass fibre patch to enable enhanced 
adhesion with the epoxy matrix of the composite plies. This prevents the formation of 
internal delamination which is usually the case for conventional insulation techniques 
involving the use of polymeric films and coatings. Experimental mechanical tests proved 
that this layout of internal sensors had no impact on the tensile, compressive, fatigue, 
flexural and interlaminar shear strength of CFRP composite samples. In addition, the 
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results from several ultrasonic experiments confirmed that such embedded transducers 
could detect defects of different type and size in CFRP plates, and monitor the growth of 
impact damage in composite samples subject to repeated tensile loading. Both 
delamination and impact damage were assessed using two nonlinear ultrasonic 
techniques. 
In the second research topic, an SHM method involving the transmission and 
reception of ultrasonic waves within a surface-attached array of PZT transducers was 
developed for the detection and localisation of barely visible impact damage (BVID) in 
composite panels. In contrast to most of the available ultrasonic SHM methods, the 
accuracy of the developed algorithm did not rely on the recording of signals at the original 
state of the material (baseline data) or a priori knowledge of the wave velocity. In 
addition, the reliability of the method was enhanced by adding some initial steps to the 
algorithm for the identification of malfunctioning transducers. Moreover, the method 
included a simple process for the selection of a suitable frequency for signal transmission 
through the material. The signals recorded between all pairs of PZTs in the array were 
used to evaluate the level of material nonlinearity in each sensor-to-sensor path based on 
the received amplitude at the fundamental and second harmonic frequencies. Thus, a 
surface plot was generated showing the variation of material nonlinearity in the area 
enclosed by the transducers, with the peak amplitude being the position of damage. The 
proposed method was experimentally tested on three CFRP panels with different 
dimensions and shape, and the results verified the correct localisation of BVID, as well 
as the identification of a partially damaged transducer. 
Regarding the last proposed SHM/NDE topic, an ultrasonic phased array method was 
optimised for the improvement of signal-to-noise ratio (SNR) in the acoustic response 
recorded in pulse-echo testing experiments. The aim was to achieve higher effectiveness 
in the detection of contact-type defects (e.g. closed crack and delamination) at several 
depths in metallic and laminated composite structures. The presented technique involved 
the processing of single-frequency and dual-frequency signals that were acquired with 
four different firing orders of the piezoelectric elements in the phased array probe. This 
allowed the filtering of unwanted linear and nonlinear acoustic features resulting in the 
extraction of the nonlinear response corresponding only to the response of damaged 
surfaces under excitation. Experiments were performed on piles of aluminium disks and 
CFRP laminates representing samples with several horizontal interfaces of contact 
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defects. The obtained nonlinear ultrasonic response of the material was compared with 
the linear response acquired under standard phased array inspection. In all cases, the 
results proved that the defect-related peaks exhibited in the nonlinear response were 
characterised by higher SNR and their positions indicated the locations of contact 
interfaces with a smaller error, relative to the linear peaks. 
Therefore, the individual designs and methods proposed by this research study could 
potentially be utilised in the relevant SHM and NDE applications for improved detection 
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The continuous development of engineering structures with more complex geometries, 
improved performance and higher efficiency is directly related to the use of advanced 
materials with enhanced properties. This is common in many engineering fields such as 
the automotive, marine and civil, but most importantly the aerospace industry where a 
large percentage of metallic parts have been replaced with fibre-reinforced polymer 
(FRP) composite components during the past few decades. The advantages of FRP 
materials are numerous with some of the most important being their low weight, high 
resistance to corrosion and great durability under repeated loading [1]. Briefly, the term 
FRP refers to the class of materials that are composed of polymeric matrix (typically 
epoxy resin) with integrated high-strength fibres for reinforcement. Examples of FRP 
materials include those made from glass fibres (GFRP), aramid fibres (Kevlar) and carbon 
fibres (CFRP), with the last one offering the highest strength-to-weight ratio. One of the 
most convenient and widely applicable methods for the fabrication of FRP composites 
involves the use of layers (plies) of unidirectional fibres which have been pre-
impregnated with resin, known as “prepreg” layers. As illustrated in Figure 1, multiple 
layers are stacked with specific sequence (lay-up) of fibre orientation and cured in a 
pressure/thermal chamber resulting in the finished composite material which has the form 
of a laminated panel. 
 
 
Figure 1: Typical stacking sequence of prepreg layers for the fabrication of composite laminates. 
1. Introduction 
2 
Despite the advantages that composite materials have over metals, their failure tends to 
be more unpredictable due to their high brittleness and their ability to contain internal 
defects or damage with minor visual signs (Figure 2). Damaging of composite parts on 
aircrafts and spacecrafts can occur at different stages throughout their life cycle. The 
typical defects attributed to manufacturing errors are porosity, ply waviness and 
delamination due to inclusions or contaminants [2]. In addition, fibre breakage, matrix 
cracking, debonding and delamination at several interfaces can be caused from applied 
loads and in many cases after low-energy or high-energy impacts from moving objects. 
For example, these can be impacts from accidental tool drops during maintenance-related 
activities, or impacts from hail storms, flying birds, orbital space debris and runway debris 
during in-service operations. Degradation of composites can also occur, especially in the 
form of matrix aging, as a result of over-exposure to high temperatures and UV 
radiation [2]. 
Among the above, low-energy impacts are considered particularly dangerous because 
they can lead to multi-mode internal damaging while leaving almost invisible dents or 
bumps on the surface, which are often referred to as barely visible impact damage 
(BVID). Apart from the aforementioned defects concerning the use of composite 
materials, damage such as plastic deformation, corrosion, fatigue cracks and thermal 
aging are common types of damage found in metallic parts due to mechanical stresses 
and environmental conditions [3]. These can also affect the integrity of a structure, 
meaning that their detection is of utmost importance. 
 
 




Therefore, the operation of critical structures demands rigorous inspections, which can be 
performed with various methods of non-destructive evaluation (NDE) namely visual 
testing (VT), acoustic emission (AE) testing, infrared (IR) and thermal scanning, 
electromagnetic (X-ray) testing, magnetic resonance imaging (MRI), computerised 
tomography (CT), scanning electron microscopy (SEM) and ultrasonic testing (UT) [4]. 
These are all recognised as reliable inspection methods, and the benefits and drawbacks 
between them can vary depending on the application. In most cases though, the inspection 
cannot be performed without taking the structure out of service, including all the 
associated delays, expenses and needs for facilities and experienced operators. 
Alternatively, the standard equipment required for ultrasonic NDE (e.g. transducers, 
waveform generators and oscilloscopes) can be permanently attached to the structure to 
create an on-board structural health monitoring (SHM) system. In general, ultrasonic 
SHM involves the installation of sensors at different locations across the structure for the 
transmission and reception of ultrasonic waves, enabling the identification of changes in 
the acoustic response of material that are indicative of defect or damage existence (Figure 
3). The effectiveness and versatility of ultrasonic SHM techniques attracted the interest 
of many researches in both academia and industry. The ultrasonic methods can be divided 
into two main categories, the linear and the nonlinear [5]. In the first category, flaws can 
be detected based on the linear ultrasonic effects occurring in the inspected material from 
the interaction between the propagating waves and the flaws. Reflections, scattering and 
attenuation of waves are examples of such effects. 
 
 
Figure 3: Example of experimental set-up used for ultrasonic structural health monitoring of materials. 
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In the second category, damage detection relies on the identification and quantification 
of effects associated with the presence of nonlinear waves generated from the excitation 
of the damaged interfaces, after their interaction with the incident propagating waves. In 
the acoustic response of the material, the nonlinear waves are characterised by unique 
features such as the presence of higher order harmonics, sub-harmonics and modulation 
sidebands in the spectrum of the detected signals. In contrast to linear ultrasonic methods, 
the nonlinear techniques have demonstrated higher sensitivity and accuracy in the 
detection of defects, especially at the initial stages of micro-damage formation [5]. 
Additional information is provided in Chapter 2. 
According to the above, a number of nonlinear ultrasonic SHM methods have been 
developed by many researches over the last years, with some great advances in the 
detection, localisation, imaging and monitoring of damage in metallic and composite 
structures [6]. However, this is a continuously growing field, and most of the existing 
methods and systems are far from being optimised. Depending on the application, there 
is always space for improvement in relation to the complexity of implementation and the 
efficiency of data acquisition and processing. 
For instance, some aircraft and spacecraft applications can benefit from the 
placement of sensors inside the composite materials instead of attaching them to the 
surface [7]. This will prevent the transducers from direct exposure to humidity, radiation 
and external impacts while maintaining smooth (aerodynamic) surfaces on the structure. 
Only a limited number of studies though proposed designs of such “smart” CFRP 
laminates with embedded piezoelectric transducers, because of the challenges associated 
with the electrical insulation of the sensors from the conductive carbon fibres. In those 
studies, insulation was achieved using polymeric films or coatings, but these are known 
to impede the adhesion between the composite layers with the risk of causing 
delamination [8]. In addition, the detection and monitoring of damage in CFRP 
composites based on nonlinear ultrasonic techniques combined with the use of embedded 
sensors has never been attempted in the past. Hence, the introduction of a novel method 
for the electrical insulation of embedded piezoelectric sensors with no impact on the 
strength of CFRP laminates will be a significant contribution to the design of “smart” 
materials. This is one of the areas this research focuses on, as well as the suitability of 
these embedded sensors for nonlinear ultrasonic testing. 
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In other SHM applications, the use of externally mounted transducers is preferred for 
easier access and replacement of any malfunctioning or damaged sensors. With regard to 
the localisation of impact damage and delamination in composite panels using sparse 
arrays of sensors, the available ultrasonic methods (linear and nonlinear) often rely on 
measurements of the arrival time of the signals [9, 10]. This can be very difficult and time 
consuming in the case of composite materials as the wave velocity changes in different 
directions depending on the lay-up (i.e. fibre orientation) of the laminate. Moreover, the 
techniques usually depend on the correlation between the captured signals and baseline 
data recorded at the pristine state of the structure, as well as on the assumption that the 
sensors forming the array are all functional [11, 12]. However, it is hardly possible for 
future inspections to be carried out under the same conditions (environmental, boundary, 
etc.) that existed during the acquisition of baseline data, and it is very likely for the 
external sensors to be subject to impact damage, corrosion and degradation. Hence, the 
effectiveness of these methods can be significantly affected. Furthermore, there is often 
lack of explanation regarding the selection of the frequency used for the transmission of 
waves through the material, which is very critical for the excitation and detection of 
defects. Based on the above, there is a need for nonlinear ultrasonic SHM methods that 
will not rely on baseline data or the time-of-flight of signals, will follow some simple 
steps for the choice of the frequency of signals and at the same time will be capable of 
identifying any malfunctioning transducers in the array. In this way, the localisation of 
impact damage in composite laminates will be more practical and reliable, and this is 
another research topic of this PhD. 
Except for the localisation of damage across the surface area (in-plane) of structures, 
there are several applications where metallic and composite thin-walled structures need 
to be inspected through their thickness. This is important for the estimation of the depth 
at which contact type defects such as kissing bond, closed crack, delamination and 
debonding may be present. These flaws are characterised by an interface of plastic contact 
between two layers (zones) of the material, meaning that there is lack of mechanical 
strength at the interface [13]. Ultrasonic pulse-echo methods are broadly utilised for 
through-thickness inspections as they require access only to one side of the material. 
Typically, longitudinal waves are generated from an ultrasonic source which can also be 
used for the capturing of echoes. The ultrasonic source can be represented by a transducer 
containing a single piezoelectric element, or a single probe housing an array of elements. 
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The second option is becoming more desirable as the elements can be excited individually 
based on a programmed pattern of delay laws. This difference in the excitation phase of 
the elements enables focusing or steering of the transmitted wave beam for more accurate 
localisation of damage [14]. Nevertheless, in many cases, such defects remain 
“transparent” under linear ultrasonic inspection because when the material is compressed 
the waves can propagate through the closed interface with nearly negligible amount of 
reflection or attenuation [15]. For this reason, few recent studies proposed phased array 
methods for nonlinear ultrasonic identification of contact defects. However, the majority 
of these experiments were conducted on samples containing a single interface of damage, 
and in many cases on samples containing a vertical crack [16, 17]. The localisation of 
multiple horizontal contact interfaces of damage remains particularly challenging. This is 
because the generation of detectable nonlinear acoustic effects from deeper defects 
requires the transmission of high-voltage signals with long duration, which is often a 
limitation for the equipment of conventional phased array systems. Hence, the last area 
of this research focuses on the optimisation of a nonlinear ultrasonic phased array 
technique, for the reduction of noise in the recorded acoustic response. As a result, the 
detection of nonlinear ultrasonic features can be improved, enabling more sensitive and 
accurate identification of contact flaws in the material. 
 
1.2 Research Aim and Objectives 
The main aim of this research project is to propose novel designs of SHM systems and 
improved NDE methods based on ultrasonic wave propagation, for enhanced sensitivity 
and accuracy in the detection and localisation of structural damage in metallic and 
composite materials. The objectives for the achievement of this aim are directly related 
to the research opportunities arising from the challenges in the specific applications of 
NDE mentioned in Section 1.1. Below is a list of the three primary objectives (●) along 
with their associated tasks (-). 
 
• Fabrication of “smart” CFRP laminates with embedded piezoelectric transducers 
which are electrically insulated using an alternative technique. 
- Selection of sensor type and insulating material for strong adhesion with the 
resin matrix of the laminates. 
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- Determination of sensor position through the thickness of the composite plates 
with the least impact on interlaminar properties, using numerical simulations. 
- Evaluation of the structural integrity of the “smart” CFRP samples through static 
and dynamic mechanical tests. 
- Assessment of the ultrasonic capabilities of the embedded sensors by conducting 
experiments for the detection and monitoring of material damage. 
 
• Development of a practical and reliable SHM method, for the identification and 
positioning of impact damage in composite laminates using a sparse array of sensors. 
- Creation of an algorithm for the evaluation of acoustic nonlinearities in the 
sensor-to-sensor paths without using baseline data or the arrival time of signals. 
- Establishment of a plan for the identification of any malfunctioning transducers 
in the array. 
- Implementation of a procedure for the choice of an appropriate signal 
transmission frequency to achieve damage excitation. 
- Testing of the algorithm performance on different composite laminates. 
 
• Introduction of a phased array method with improved signal-to-noise ratio (SNR) to 
enable more sensitive and precise localisation of contact defects at various levels 
through the thickness of the material. 
- Decision about the nonlinear ultrasonic effect to be utilised for the identification 
of defect existence. 
- Optimisation of a signal processing technique for the extraction of the acoustic 
nonlinearities associated with the contact defects. 
- Programming of the firing sequences of the piezoelectric elements for the 
generation of the different signals to be processed. 
- Verification of the method effectiveness by performing tests on metallic and 
composite samples. 
 
1.3 Thesis Outline 
The outline of this thesis follows the “PhD by publication” format, and thus the peer-
reviewed journal papers listed in Table 1 are integrated as chapters. The objectives 
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mentioned in the previous section are completed through the work presented in the papers. 
Table 2 summarises the papers published in conference proceedings, for reference only. 
In Chapter 2, the theoretical background and literature related to this research work are 
covered. More specifically, different ultrasonic testing methods and designs of 
composites with internal sensors are explained and compared with reference to their 
advantages and disadvantages. In addition, a review of the state-of-the-art literature is 
provided highlighting the existing limitations and challenges associated with the 
ultrasonic detection and localisation of damage in materials, and the development of 
“smart” composite materials. 
Chapter 3 to Chapter 7 refer to the journal publications from Paper I to Paper V 
respectively. Every chapter begins with a summary of the scope, process and outcome of 
the work completed in the corresponding publication, followed by the accepted 
manuscript. It must be noted that some descriptions and definitions are repeated 
throughout this thesis since each article has self-contained sections such as the 
introduction, theoretical background and conclusions. 
Chapter 3 represents the initial study on the development of an alternative design of 
“smart” CFRP laminates using a novel method for the electrical insulation of embedded 
piezoelectric transducers. This chapter provides the numerical simulations conducted for 
the determination of the least destructive position of the sensors through the thickness of 
the laminates. In addition, it covers the mechanical tests performed for the assessment of 
the compressive, flexural and interlaminar shear strength of the “smart” CFRP specimens, 
along with the post-test fractographic inspection of the samples. Moreover, this chapter 
presents the nonlinear ultrasonic experiments regarding the functionality of the embedded 
sensors and their sensitivity to the detection of delamination. 
Moving to Chapter 4, the layout of embedded sensors introduced in Chapter 3 is 
employed for the detection of multiple types of damage with different size in CFRP plates, 
using two separate nonlinear ultrasonic techniques. This chapter includes the experiments 
performed on a laminate containing two areas of delamination, and a laminate with impact 
damage caused by two different levels of impact energy.  
Chapter 5 investigates how the tensile strength and fatigue endurance of “smart” 
CFRP laminates is affected by the inclusion of piezoelectric transducers using the same 
embedding configuration as in Chapter 3 and Chapter 4. This chapter summarises the 
results from the mechanical tests performed using undamaged and impact damaged 
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“smart” specimens. Also, this chapter examines the durability of the internal sensors 
under cyclic loading conditions, and their capability of monitoring the growth of impact 
damage with regard to nonlinear ultrasonic wave propagation. 
About Chapter 6, this is related to the second research topic of this PhD and 
introduces a novel nonlinear ultrasonic SHM method for the localisation of impact 
damage in CFRP laminates using a circular array of externally attached piezoelectric 
transducers. This chapter explains how an appropriate signal transmission frequency is 
chosen, and demonstrates how the accuracy of the proposed technique is not reliant on 
the recording of baseline data or the measurement of the arrival time of the signals. 
Moreover, this chapter shows how the proposed technique can be used for the 
identification of malfunctioning transducers using the signals recorded only in the 
peripheral paths of the array. Application of this method is demonstrated on three CFRP 
panels with BVID. 
The last topic of this research work which concerns the requirement for more 
effective detection of multiple horizontal contact interfaces through the thickness of the 
material is explored in Chapter 7. In fact, this chapter describes how a phased array 
method associated with the nonlinear mixing of waves with two different frequencies can 
be optimised to offer reduced levels of noise in the received signal response, and 
eventually improve the sensitivity and accuracy of pulse-echo inspection. Based on this, 
the chapter explains how the signals generated from a phased array probe using different 
firing combinations of the piezoelectric elements can be processed to extract the acoustic 
nonlinearities corresponding only the excitation of defects. This alternative phased array 
method is tested on two aluminium and two CFRP samples with contact interfaces at 
various depths. 
Finally, the conclusions of this thesis along with the recommendations for possible 
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Chapter 2  
Background and Literature Review 
 
This chapter provides an overview of the background information and the previous 
studies related to the work presented in this thesis. Emphasis is given to the nonlinear 
ultrasonic techniques for NDE and SHM of metallic and composite structures used in 
engineering applications (mainly in aerospace), as well as to the development of “smart” 
composite materials with integrated piezoelectric sensors. The details reported in the 
following sections of this chapter can be combined with the literature review included in 
the Introduction section of each individual chapter (journal paper) to clarify the 
challenges and gaps this research project aims at making a contribution. 
Section 2.1 introduces the concept of ultrasonic wave propagation as an inspection 
tool for NDE of materials, and explains the fundamental configurations of ultrasonic 
testing. The basic principles of linear ultrasonic methods are described in Section 2.2 
along with a general review of their applications and limitations in the characterisation of 
damage in material. Section 2.3 introduces the mechanisms of material nonlinearities and 
the associated nonlinear ultrasonic effects. Attention is focused on two of the most 
popular effects which are also exploited in the work of this thesis; (i) the generation of 
second-order frequency harmonics and (ii) the modulation of waves with two different 
frequencies. Two sub-sections are devoted to their explanation together with a review of 
their use in nonlinear ultrasonic methods for the detection, localisation and imaging of 
structural defects. The fabrication of “smart” composite laminates with embedded 
piezoelectric transducers for in-service ultrasonic SHM of materials is discussed in 
Section 2.4. A review of the previous studies highlights the challenges related to (i) the 
different techniques for sensor embedment and (ii) the need for electrical insulation of 
sensors when inserted in CFRP plates. 
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2.1 Ultrasonic Wave Inspection of Materials 
The idea of using ultrasonic waves for the detection of flaws in solids was originally 
studied and proposed by Sokolov in the late 1920s, and this was inspired from high-
frequency underwater inspection systems employed in submarine applications during 
World War I. The development of technology enabled Mulhauser to obtain a patent in 
1931 for ultrasonic identification of defects using two probes (transmitter-receiver) [18]. 
In 1940, Firestone (in United States) and Sproule (in Great Britain) achieved the detection 
of flaws by transmitting pulses and receiving reflected echoes on the same side of the 
material. They both registered several patents in the 1940s [19]. In 1949 the first 
commercial ultrasonic flaw detecting machines were developed by Krautkramer brothers 
in Germany and by Mitsubishi in Japan [20]. By 1960s piezoelectric ceramic transducers 
were already available and well-understood, and the first portable battery-operated 
ultrasonic inspection systems were introduced. Panametrics released the first generation 
of digital detecting devices in the early 1980s. The continuous improvements in 
technology over the following decades allowed the production of the compact ultrasonic 
systems that are available today for NDE of materials [20]. 
In aerospace and other industries, ultrasonic inspection refers to the NDE methods 
involving the use of actuating and sensing devices for the transmission and reception of 
elastic sound waves (mechanical vibrations) through the material, which are propagating 
at frequencies above the range of human hearing (i.e. > 20 kHz). The captured waves can 
be then analysed to reveal any changes to their characteristics (e.g. frequency, amplitude, 
phase, velocity etc.) that are directly related to alterations of the material properties due 
to the presence of surface/sub-surface defects. In most cases, the pulsing and receiving 
devices are transducers instrumented with piezoelectric elements that are capable of 
generating sound waves when supplied with voltage (electric charge), and inversely to 
convert any received wave into an electric charge based on the principle of 
piezoelectricity. Piezoelectric ceramic sensors made from lead zirconate titanate (PZT) 
compound are widely preferred for their high sensitivity and signal-to-noise ratio, great 
physical strength, low weight, chemical inertness, heat resistance and low cost [21]. The 
propagation of ultrasonic waves in solids and their characteristics are analysed 
comprehensively in the text books of Krautkramer J. and Krautkramer H. [22] and Rose 
[23], with particular focus on applications of NDE.  
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The two general configurations of ultrasonic testing are the pulse-echo and the 
transmission-reception (or pitch-catch). In the first one, a single-element or multi-element 
(array) ultrasonic transducer is coupled to the surface of the material for both the 
generation of longitudinal elastic waves and the recording of reflected echoes as the 
incident waves interact with internal flaws and the boundaries of the material such as the 
opposite surface (Figure 1a). This is typically utilised for the inspection of parts through 
their thickness, and it is particularly useful in applications where only one side of the 
material is accessible. In the transmission-reception layout, two or more transducers are 
placed at different locations on the structure. The pulser and the receiver can be used on 
opposite surfaces on the material to perform through-transmission (Figure 1b) detection 
of ultrasonic waves with the advantage of having reduced attenuation of wave energy 
relative to the pulse-echo approach. In addition, by using guided ultrasonic waves, the 
actuation and sensing process can be carried out over relatively long distances between 
the transducers on the surface of the material (Figure 1c). This enables faster inspection 
of structures with large surface area. 
According to Rose [24], the term “guided waves” refers to the propagation of 
ultrasonic waves along a material, where the waves are repeatedly reflected and refracted 
at various angles by the boundaries or other interfaces between two zones of different 
 
 
Figure 1: Schematic of pulse-echo (a), through-transmission (b) and pitch-catch (c) ultrasonic testing. 
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acoustic impedance. This causes the conversion of waves to additional modes (e.g. from 
longitudinal to shear/transverse wave), leading to regions of constructive and destructive 
interference based on the principle of superposition [24]. As a result, wave packets are 
formed that are propagating along the material and guided by the boundaries. Therefore, 
guided waves can follow the profile of the surface, meaning that they are suitable for the 
inspection of parts with more complex shapes. In addition, they offer long-distance 
propagation and high sensitivity to defects existing in their path. Two of the most popular 
types of guided waves are the Rayleigh and Lamb waves. 
Briefly, Rayleigh waves (or surface waves) propagate on the surface of materials and 
include both longitudinal and shear modes that together result in an elliptical motion of 
the material particles perpendicular to the wave direction, as illustrated in Figure 2a [25]. 
This motion has a penetration depth from the level of surface of around one wavelength. 
Theoretically, in homogenous, isotropic and linear elastic materials the velocity of these 
waves is not a function of the frequency (i.e. non-dispersive waves) [25]. Regarding Lamb 
waves (or plate waves), these are typically propagating inside structures such as plates or 
shells with a thickness of the order of the wavelength. The waves are guided by the top 
and bottom surfaces of the material, and their direction of propagation is parallel to the 
plane of the surface. These are complex waves that exhibit multiple wave modes with the 
two principal being the symmetric (𝑆) and the anti-symmetric (𝐴), as shown in Figure 2. 
 
 
Figure 2: Cross-sectional view of plate during near-surface propagation of Rayleigh waves (a) and when 
excited at symmetric (a) and antisymmetric (b) modes of Lamb waves. Not to scale.  
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Each of these modes comprises of fundamental and higher-order components (𝑆𝑖 and 𝐴𝑖 
with 𝑖 = 0, 1, 2, …) and, unlike Rayleigh waves, their phase and group velocities are 
dependent on the product of the excitation frequency multiplied by the thickness of the 
plate (i.e. dispersive waves) [26]. As an example, the dispersion curves of 𝑆𝑖 and 𝐴𝑖 modes 
in an A606 steel plate are shown in Figure 3. Additional information about the calculation 
of these phase and group velocities are provided in [26]. 
A great number of NDE and SHM techniques have been developed around the 
concept of ultrasonic wave propagation that enable the identification of structural flaws, 
and in many cases the determination of the location and size of damage (i.e. damage 
imaging). These can be divided into two main categories; the linear and nonlinear 
ultrasonic methods. An overview of these two categories is provided in the following 
sections with closer attention to the nonlinear methods which are relevant to the research 





Figure 3: Phase (a) and group velocities (b) of symmetric and antisymmetric Lamb wave modes in A606 
steel plate [26]. 
 
2.2 Linear Ultrasonic Methods 
Traditional ultrasonic testing methods rely on the assumption that intact materials have 
perfectly linear elastic behaviour (Figure 4a), as described by the Hooke’s stress-strain 
equation 
 𝜎 = 𝐸            (1) 
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where 𝐸 is the elastic (Young’s) modulus of the material and  is the strain at any given 
value of applied stress 𝜎. Theoretically, if the material is undamaged, the frequency 
spectrum of the received signal contains only a single harmonic corresponding to the 
fundamental signal frequency (e.g. 𝑓1), as shown in Figure 4b. These methods examine 
how the transmitted waves are affected by the defects relative to the case of wave 
propagation inside a pristine solid with linear elastic properties. For example, the waves 
passing over an anomalous region may be scattered or refracted. Also, internal cracks and 
voids containing trapped air can reflect partially or totally the incident waves towards the 
excitation source or another sensing device. These are common linear ultrasonic 
phenomena. By measuring the changes in the phase, amplitude and arrival time of waves, 
or by processing their scattering effects or even by evaluating their coefficients of 
transmission and reflection it is possible to estimate the elastic properties of the material 
(Young’s modulus) as well as to localise and visualise the defects. It is important to be 
noticed that the frequency of the transmitted and received waves remains unchanged, and 






Figure 4: Stress-strain behaviour of linear undamaged materials (a) and their expected ultrasonic response 
under single frequency excitation (b). 
 
2.2.1 Applications of Linear Ultrasonic Methods 
Conventional linear ultrasonic methods rely on the transmission of bulk longitudinal or 
shear waves at low-amplitude and high-frequency for the detection of imperfections or 
flaws that exist in their propagation path. Under pulse-echo inspection, defects can be 
recognised in the captured response as echoes (reflections) of the incident wave. In 
through-transmission testing, dispersion and energy loss of the waves arrived at the 
receiving transducer indicate the propagation of waves through a flaw. According to Blitz 
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and Simpson [27] and Bond [28] these two testing layouts can be used for the 
characterisation of inclusions, cavities, cracks, delaminations, disbonds, bursts and other 
discontinuities in metals and composites. 
As previously explained, pulse-echo is often the preferred layout for inspections 
through the thickness of thin-walled structures as it requires access only to one side of the 
material. A recent review from Felice and Fan [29] provides a good summary of the 
available pulse-echo techniques enabling the detection and sizing of defects, which are 
categorised as amplitude, temporal, imaging (e.g. delay-and-sum and super-resolution) 
and inversion (e.g. time-reversal and scattering matrix) techniques. However, the 
transducers in both configurations of pulse-echo and through-transmission testing must 
be moved along the surface until the entire structure is scanned. This is usually carried 
out manually which is not only time consuming but it also involves the risk of missing a 
defect, especially those oriented perpendicularly to the surface (e.g. vertical cracks) which 
have minimal interaction with the incident wavefront. 
Alternatively, quick interrogation of large structural components with localised flaws 
can be achieved using guided Rayleigh and Lamb waves. Early studies on the application 
of such guided waves for ultrasonic NDE were published by Worlton [30, 31], Viktorov 
[32], Achenbach [33] and Graff [34]. The review studies of Rose [35], Su [36] and Guan 
[37] summarise the use of guided waves over the years based on different techniques for 
the detection and imaging of various types of defects including cracks, holes, aging and 
welding-induced voids in metallic parts (e.g. pipes, plates, turbine blades etc.) as well as 
impact and thermal damage, fibre fracture, delamination and transverse cracks in 
composite parts (e.g. laminated and sandwich structures, panels with lap-splice joints 
etc.). However, Rayleigh waves are mainly sensitive to imperfections near the surface of 
the material, and the multi-modal and dispersive nature of Lamb waves can make the 
analysis of captured signals very complicated [38]. 
In addition to these challenges, the major drawback of linear ultrasonic methods 
regardless of bulk or guided wave propagation is that their sensitivity is limited to defects 
with size similar to the wavelength or bigger (i.e. gross defects and open cracks). It is 
hardly possible for smaller defects to cause detectable changes to linear parameters such 
as the wave speed or the damping parameter [39]. In the case of multi-layered composite 
structures with anisotropic and viscoelastic properties, attenuation of waves is greater 
leading to even lower sensitivity. This is not always acceptable, especially in aerospace 
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applications, because gross defects can evolve rapidly to a size that is not safe for the 
integrity of the structure. 
 
2.3 Nonlinear Ultrasonic Methods 
Nonlinear ultrasonic testing methods, also referred to as nonlinear elastic wave 
spectroscopy (NEWS) techniques, are considered a powerful NDE and SHM tool because 
they are sensitive to flaws with size in the micro-scale, thus enabling damage detection 
much earlier than the traditional linear ultrasonic techniques [39]. NEWS methods focus 
on a number of different ultrasonic effects observed in the recorded response due to the 
nonlinear elastic behaviour of damaged solids. 
 
2.3.1 Classical Nonlinearities 
In the “classical” nonlinear theory of elasticity, ultrasonic nonlinearities in isotropic solids 
are the cause of distortions in the shape of propagating waves, leading to the generation 
of harmonic waves [40]. It is assumed that there are two primary sources for wave 
distortion. The first one is the anharmonicity of the lattice crystalline (i.e. nonlinear lattice 
elasticity), which is commonly referred to as inherent or intrinsic nonlinearity [40]. 
Imperfections in the atomic lattice can be exhibited in undamaged materials and they 
require relatively high internal stresses in order to produce detectable nonlinearities. Since 
the stresses induced by the propagating waves are usually low, intrinsic nonlinearities can 
have nearly negligible effects on the ultrasonic response of the material. The second 
source is related to the microstructural changes taking place in isotropic solids at the 
initial stages of material degradation, prior to crack initiation. These changes result in the 
formation of dislocations at localised regions which are arranged in patterns such as 
dislocation veins and persistent slip bands [41]. According to the model of Koehler [42], 
a single dislocation line can be considered as a straight string pinned at the two ends with 
the pins being represented by impurity atoms, as illustrated in Figure 5a. Further 
degradation of the material accompanied by microscopic plastic deformation introduces 
internal stresses (e.g. shear stress 𝜎𝜏) that cause the dislocation line to bow out forming 
an arc (Figure 5b) [43]. The displacement of the dislocation from this new equilibrium 
position is expected to be different under the application of equal magnitudes of positive 
and negative stress. Clearly this marks a deviation from the Hooke’s law (i.e. linear stress-
strain relationship), as shown in Figure 6a. 
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(a)  (b) 
 
Figure 5: Illustration of a dislocation line at the original equilibrium position (a) and the new equilibrium 






Figure 6: Stress-strain behaviour of materials with classical nonlinearity (a) and their expected ultrasonic 
response under single frequency excitation (b). 
 
Therefore, when ultrasonic sinusoidal waves of sufficient stress amplitude pass through 
the medium, the oscillation of the bowed dislocation is nonlinear because of the 
asymmetric displacement caused by the tensile and compressive parts of the waves. As a 
result, the propagating waves are distorted leading to the generation of higher harmonics 
in the form of even and odd multiples of the fundamental excitation frequency (Figure 
6b). This is the principal nonlinear phenomenon and it is usually modelled based on the 
“classical” nonlinear theory of elasticity [44, 45], where the elastic coefficients in the 
stress-strain equation of the solid describe the stress dependence on strain as a power 
series 
 𝜎 = 𝐸 (1 + 𝛽 + 𝛿 2 + ⋯ )        (2) 
where =  𝜕𝑢(𝑥, 𝑡) 𝜕𝑥⁄  is the strain and 𝛽 and 𝛿 are the second and third order nonlinear 
coefficients (parameters) respectively. Equation (2) can be substituted into the following 
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equation which describes the propagation of one-dimensional longitudinal waves in the 
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with 𝜌 being the material density and 𝑢(𝑥, 𝑡) is the displacement. The resulting expression 
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where 𝑐 = √𝐸/𝜌 is the longitudinal wave speed [46]. Perturbation theory can be used to 
solve equation (4), and based on this, the displacement 𝑢(𝑥, 𝑡) can be expressed as 
  𝑢(𝑥, 𝑡) = 𝑢(1)(𝑥, 𝑡) + 𝑢(2)(𝑥, 𝑡),         (5) 
where 𝑢(1)(𝑥, 𝑡) corresponds to the solution of the linear equation the input wave and 
𝑢(2)(𝑥, 𝑡) represents the first-order perturbation solution [46]. Assuming that the driving 
wave has the following format 
 𝑢(1)(𝑥, 𝑡) = 𝐴1 sin(𝑘𝑥 − 2𝜋𝑓𝑡),        (6) 
then the perturbation solution is 






𝑥 cos[2(𝑘𝑥 − 2𝜋𝑓𝑡)],    (7) 






𝑥 is the 
amplitude of the second harmonic, 𝑥 is the propagation distance from the source of 
nonlinearity and 𝑘 is the wave number [46]. This analysis proves the generation of 
second-order harmonics as a result of the nonlinear behaviour of the material. Additional 
harmonics can be included (third, fourth and so on) by expanding the above equations to 
higher orders.  
 
2.3.2 Non-Classical Nonlinearities 
Damaged solids with cracks, voids, delamination and other major defects manifest highly 
nonlinear behaviour associated with more complicated effects. These can only be 
analysed with “non-classical” nonlinear models which are typically relying on the 
mechanisms of (i) mesoscopic (hysteretic) nonlinearity and (ii) contact acoustic 
nonlinearity. 
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2.3.2.1 Hysteretic Nonlinearity 
Mesoscopic models are mainly used to describe heterogeneous materials with 
nonlinearities arising from the bonding system of internal cracks, grain contacts, 
dislocations, etc. The stress-strain curve of such materials is characterised by strong 
elastic nonlinearity and hysteresis which can be accompanied by discrete (end-point) 
memory [47, 48]. More specifically, a material is considered hysteretic when its stress-
strain curve (Figure 7a) follows different paths during loading and unloading phases, and 
a loop of discrete memory can be created if a small change in stress takes place during 







Figure 7: Stress-strain behaviour of materials with non-classical (hysteretic) nonlinearity (a) and their 
expected ultrasonic response under single frequency excitation (b). 
 
The stress-strain expression that applies to hysteretic nonlinear materials is 
 𝜎 =  ∫ 𝐸( , ̇)𝑑           (8) 
with 𝐸( , ̇) = 𝐸0{1 − 𝛽 − 𝛿
2 − 𝛼[𝛥 + (𝑡)𝑠𝑖𝑔𝑛( ̇)] + ⋯ }     (9) 
where 𝐸 is the elastic modulus, 𝐸0 is the linear elastic modulus, 𝛼 is a measure of the 
material hysteresis, 𝛥  is the local strain amplitude, ̇ is the derivative of strain and 
𝑠𝑖𝑔𝑛( ̇) is equal to 1 or -1 for > 0 or < 0 respectively [50]. Equation (8) can be 
substituted into (3) similarly to the case of classical nonlinearity, to obtain a general 
solution verifying the generation of higher-order harmonics in the ultrasonic spectrum of 
the material. Ideally, when a sinusoidal wave propagates through a pure hysteretic 
medium, the discontinuities existing in the stress-strain behaviour (due to the changes in 
loading and unloading phases) convert it to a triangular wave. As a result, only odd higher 
harmonics of the driving frequency are generated (Figure 7b). In reality, mesoscopic 
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materials are rarely characterised by pure hysteretic nature. Instead, they also present 
classical nonlinear behaviour to some extent, meaning that higher harmonics can be 
generated at even multiples of the fundamental frequency as well. 
 
2.3.2.2 Contact Acoustic Nonlinearity 
The models related to contact acoustic nonlinearities apply to a wider range of materials 
and concern the mechanical constrain between the fractured surfaces at the plane of 
damage, causing their excitation to be strongly nonlinear. This is common for contact-
type defects including closed fatigue cracks, delamination and debonding. The excitation 
of the defects can be categorised based on the movement of the surfaces at the damaged 
interface when interacting with the propagating ultrasonic waves. 
The first category is related to the open-closing motion of the crack, known as the 
“clapping” mechanism (Figure 8a). In this case, the material is expected to exhibit a bi-
linear stress-strain behaviour (Figure 8b) as its stiffness changes during the interaction of 
the pre-stressed crack (static stress 𝜎0 and strain 0) with longitudinal waves [51]. In 
particular, the tensile and compressive parts of the incident wave tend to open and close 
the damaged surfaces, respectively. Consequently, the material stiffness during the tensile 
phase is lower than in the compressive phase, because the crack is only supported by the 





Figure 8: Schematic of opening-closing crack in materials with non-classical (contact) nonlinearity (a) and 
the resultant bi-linear stress-strain behaviour (b). 
 
This bi-linear character of the material can be expressed with the following piece-wise 
stress-strain relation 
 𝜎 = 𝐶[1 − 𝐻( )(𝛥𝐶 𝐶⁄ )],      (10) 
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where 𝐶 is the linear stiffness at pristine material condition, 𝐻( ) is the Heaviside unit-
step function and 𝛥𝐶 = [𝐶 − (𝑑𝜎 𝑑⁄ )] for > 0 [51]. The opening-closing motion of 
the crack acts as a half-wave rectifier which allows only the compressive part of the input 
wave to be transmitted through the contact interface. This wave distortion (nonlinearity) 
combined with the pulse-type material stiffness results in the generation of 𝑛 higher 
harmonics (both even and odd) in the signal spectrum, and their amplitude is modulated 
by the 𝑠𝑖𝑛𝑐 envelope function 
𝐴𝑛 = 0𝛥𝐶𝛥𝜏[𝑠𝑖𝑛𝑐((𝑛 + 1)𝛥𝜏) − 2cos (𝜋𝛥𝜏)𝑠𝑖𝑛𝑐(𝑛𝛥𝜏) + 𝑠𝑖𝑛𝑐((𝑛 − 1)𝛥𝜏)], (11) 
where 0 is the strain amplitude of the fundamental wave, 𝛥𝜏 = 𝜏 𝑇⁄  is the normalised 
modulation pulse length with 𝜏 = (𝑇 𝜋⁄ )𝐴𝑟𝑐 cos ( 0 0⁄ ), 𝑇 = 2𝜋 𝑓1⁄  and 𝜏 = 0 if 0 >
0 [52]. 
The second category is associated with the relative frictional movement of the contact 
surfaces, which is referred to as the “slipping” or “rubbing” mechanism (Figure 9a). When 
the crack interacts with shear waves of relatively low amplitude, the roughness of the 
mated surfaces can be high enough to prevent their in-plane motion, which is finally 
limited to micro-slipping [52]. This interaction between the surface asperities does not 
rely on the direction of wave motion, and introduces a step-wise change in the material 
stiffness which occurs twice in every cycle of the driving signal. Thus, as illustrated in 
Figure 9b, the micro-slip mode leads to a symmetrical stress-strain relation (symmetrical 
nonlinearity) characterised by the generation of odd harmonics. Again, the pulse-type 
change in stiffness causes the modulation of harmonic amplitude based on the following 
𝑠𝑖𝑛𝑐 function [52]: 






) + 𝑠𝑖𝑛𝑐 (
2(𝑛+1)𝜏
𝑇
)].    (12) 
 
   
(a) (b) (c) 
 
Figure 9: Schematic of slipping crack in materials with non-classical (contact) nonlinearity (a) and the 
resultant stress-strain behaviour in micro-slip (b) and stick-slip (c) modes. 
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Finally, for shear waves of higher amplitude, the in-plane excitation of the contact 
interface can switch from micro-slipping to sliding. The oscillation of the contact 
interface can be described as a periodic change between static and kinematic friction (i.e. 
stick-slip mode), resulting in a hysteretic stress-strain curve as shown in (Figure 9c) [53]. 
This type of surface interaction is also independent of wave direction, and the value of 
material stiffness changes symmetrically between 𝐶𝑆 (at stick phase) and zero (at slip 
phase), twice per wave period. Again, for such a symmetrical material nonlinearity, the 
received signal spectrum exhibits higher odd harmonics characterised by the following 
𝑠𝑖𝑛𝑐-modulated amplitude [53]: 
 𝐴𝑁 = 0𝐶𝑆{𝛥𝜏[𝑠𝑖𝑛𝑐((𝑁 − 1)𝛥𝜏) + 𝑠𝑖𝑛𝑐(𝑁 + 1)𝛥𝜏) − 2𝛥  𝑠𝑖𝑛𝑐(𝑁𝛥𝜏)]  
 −0.5(1 − 𝛥 ) 𝑠𝑖𝑛𝑐(𝑁 2⁄ )}, 𝑁 = 2𝑛 + 1.       (13) 
Realistically, as previously explained, damaged materials also manifest classical 
nonlinearities. Hence, higher even harmonics are likely to be detected for both the micro-
slip and the stick-slip modes of contact acoustic nonlinearities. 
At this point it is important to be mentioned that except for the generation of higher-
order harmonics, non-classical nonlinearities are associated with additional effects, 
depending on the process followed for the acoustic excitation of the material (e.g. single 
or dual frequency transmission, variation of signal amplitude, excitation at natural modes 
of vibration etc.). Although different non-classical nonlinear ultrasonic phenomena are 
well-known and widely-used as indicators of material degradation, their physical 
explanation is not completely understood. Nonetheless, according to the review studies 
of Jhang [46] and Broda et al. [49], experimental works involving different arrangements 
of wave transmission, types of defects and boundary conditions revealed that the most 
common non-classical nonlinear ultrasonic effects are: 
 
• Generation of higher harmonics [50, 54-57] and sub-harmonics [51, 58-63] of the 
fundamental signal frequency. 
• Modulation and frequency mixing of two waveforms transmitted at different 
frequencies [50, 54, 64, 65]. 
• Shifting of resonance frequency when increasing the amplitude of excitation signal 
[66-70]. 
2. Background and Literature Review 
25 
• Slow restoration (few minutes) of original material properties that are temporarily 
altered due to ultrasonic excitation; known as the “slow dynamics” effect [71-74]. 
• Localised resonant activation of a defective region, referred to as local defect/damage 
resonance (LDR) effect [75-78]. 
• Dissipation of wave energy that depends on the amplitude of excitation [79, 80]. 
 
Among the above, the generation of higher harmonics, especially second-order 
harmonics, and the modulation of ultrasonic waves with different frequency are the two 
primary phenomena analysed by the majority of NEWS methods for the characterisation 
of material nonlinearities. This is further explained in the following sections. 
 
2.3.3 Applications of Second Harmonic Generation Effect 
As already mentioned in the previous paragraphs, when a nonlinear solid is excited by a 
sinusoidal forcing with a single frequency (e.g. 𝑓1), higher-order harmonics (2𝑓1, 3𝑓1, 
4𝑓1, …) will be present in the recorded frequency spectrum of the material because of 
wave distortion by internal discontinuities and/or due to excitation of the damaged 





Figure 10: Ultrasonic response of undamaged (linear) materials (a) and damaged (nonlinear) materials (b) 
under single-frequency excitation. 
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The second-order harmonic (2𝑓1) has the highest content of elastic energy making it the 
principal indicator of acoustic nonlinearities. At the same time, the recorded responses 
must be closely analysed because part of the amplitude of second harmonics can be 
correlated to other sources of nonlinearities such as noise from the power instruments 
(e.g. waveform generators and amplifiers) or improper contact between the transducer 
and the material. The initial experiments around the concept of second harmonic 
generation are reported in the early studies of Breazeale et al. [81, 82], Hikata et al. [83, 
84] and Gedroits et al. [85, 86]. These along with the majority of studies associated with 
this effect aim at characterising the material nonlinearity based on the nonlinear acoustic 
coefficient 𝛽, which is often referred to as the acoustic nonlinearity parameter 𝛽. There 
is a number of available theoretical and experimental works, including those of Yost and 
Cantrell [87], and Kim [88], which are in agreement with the solution described by 





2 .        (13) 
Since equation (13) is valid only for bulk longitudinal elastic waves travelling in one-
direction of a solid with nonlinear stress-strain behaviour, the common practice in 




2 .        (14) 
According to Matlack et. [89], the ratio expressed by equation (14) is applicable to wave 
propagation in the three dimensions, and also using guided Rayleigh or Lamb waves. This 
ratio is known as the relative acoustic nonlinearity parameter (often denoted by 𝛽′). 
Previous research studies exploited the effect of second harmonic generation for the 
inspection of metal and composite parts using piezoelectric actuators and sensors, and 
investigated the contribution of material nonlinearities to the magnitude of the acoustic 
nonlinearity parameter 𝛽 (mainly in the relative format of 𝐴2 𝐴1
2⁄ ).  
A large amount of experimental tests on metal components proved that the increase 
in the value of parameter 𝛽 could be used to monitor the level of material degradation for 
different types of damage including fatigue, thermal aging, creep, and radiation damage. 
A comprehensive review of the relevant studies up to 2015 is provided in the review study 
of Matlack et al. [89]. Similar tests have been carried out by more recent studies. 
Examples include the measurement of 𝛽 for the evaluation of fatigue-induced damage 
such as the formation of precipitates and dislocations [90, 91], propagation of cracks [92, 
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93] and weakening of adhesively bonded joints [94, 95]. In addition, the value of 𝛽 was 
used for the monitoring of thermal aging [96-98], corrosion [99, 100] and creep [101-
103]. 
In the case of composite parts, the number of available studies was considerably 
smaller. In fact, the correlation between the magnitude of parameter 𝛽 and the severity of 
damage was predominantly demonstrated with tests on multi-layered CFRP plates that 
were impacted at different levels of energy [104-107], or subject to fatigue loading at 
ambient [108-110] and fluctuating temperature [111]. 
In addition to the detection of defects and the relative monitoring of damage growth, 
recent studies focused on the localisation of structural flaws and the visualisation of the 
shape and size of damage. Although different tomographic techniques (and algorithms) 
have been proposed based on the measurement of second-to-fundamental harmonic ratio, 
the number of research works that achieved the imaging of defects using only a surface-
mounted network of piezoelectric transducers is still limited. These studies performed 
tests on aluminium plates with fatigue cracks [112, 113], pitting corrosion from 
hypervelocity impact events [113, 114] and chemical corrosion [115, 116], and on CFRP 
plates with damage from low-energy impacts [117-119]. However, in most cases, 
experimental validation of the methods was shown on a single sample (i.e. lack of 
repeatability) [112, 114, 115, 117-119], and in some tests the damage was positioned at 
the centre of the array which is the point with the maximum number of intersecting 
sensor-to-sensor paths (i.e. higher sensitivity to defects) [114, 116, 119]. Therefore, the 
development of additional methods and their application to more realistic scenarios of 
damage would be significantly important, because such techniques could be utilised for 
on-board inspections where scanning of the structural parts with laser instruments or 
thermal/infrared cameras would not be practically possible. 
 
2.3.4 Applications of Nonlinear Wave Modulation Effect 
This nonlinear effect occurs when a solid is excited simultaneously by two waveforms 
with distinctive frequencies (e.g. 𝑓1 and 𝑓2), referred to as the low-frequency (high-
energy) pumping wave and the high-frequency (low-energy) probing wave. As previously 
mentioned, if the material is undamaged with perfectly linear elastic properties, the 
monitored frequency spectrum contains only the fundamental harmonics at 𝑓1 and 𝑓2 
(Figure 11a). For a damaged material, with either classical or non-classical nonlinearities, 
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the 𝑓2 wave interacts with the defect similarly to the case of single-frequency excitation, 
but it also interacts with the 𝑓1 wave. Consider a crack that opens and closes periodically 
during the tensile and compressive phases of the 𝑓1 wave. When the crack is open, the 𝑓2 
wave travelling inside the material is partially decoupled [120]. However, during the 
closed phase of the crack, the shape of 𝑓2 wave remains almost unaffected and its 
amplitude increases. In other words, the high-frequency wave is subject to amplitude 
and/or frequency modulation by the low-frequency wave [120]. Amplitude modulation is 
attributed to the vibrational energy added to the system by the low-frequency wave, and 
frequency modulation occurs as a result of the mixing and multiplication of the two waves 
at the damaged interface. Consequently, apart from the higher-order harmonics at 𝑛𝑓1 and 
𝑛𝑓2 (𝑛 = 1, 2, 3, …), the spectrum of the modulated response includes additional nonlinear 
frequency components (spectral sidebands) at the sum-frequency (𝑓𝑠 = 𝑓2 + 𝑛𝑓1) and the 





Figure 11: Ultrasonic response of undamaged (linear) materials (a) and damaged (nonlinear) materials (b) 
under dual-frequency excitation. 
 
Although the amplitude of sidebands is usually lower than that of second-order 
harmonics, their presence is indeed attributed to the mixing of waves at the location of 
damage (i.e. independent of induced noise). The fact that the nonlinearities induced by 
the set-up do not normally generate sidebands is a major advantage of the methods based 
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on the nonlinear modulation of waves over those relying on the generation of second 
harmonics. 
The first applications of this phenomenon in the field of NDE are presented in the 
publications of Korotkov et al. [121, 122], Sutin and Nazarov [123], and Zaitsev et al. 
[124] concerning the identification of cracks in metal parts. These are followed by the 
studies of Donsky and Sutin [125], Zaitsev and Sas [126], and Van Den Abelee et al. [50] 
for the detection of fatigue cracks, corrosion and adhesion flaws in structural components 
(e.g. pipes and plates) made from steel, aluminium, titanium, thermoplastic, concrete and 
sandstone. Since then, numerous methods associated with the modulation of elastic waves 
have been developed which, together with those in the early studies, are known as the 
vibro-acoustic modulation (VAM) techniques or nonlinear ultrasonic modulation 
techniques or even nonlinear wave modulation spectroscopy (NWMS) methods. 
It has been repeatedly shown that the amplitudes of the sideband products (𝐴𝑠 and 𝐴𝑑) at 
𝑓𝑠 and 𝑓𝑑 are proportional to the driving amplitudes (𝐴1 and 𝐴2) at 𝑓1 and 𝑓2 in the 
following format 




        (6) 




        (7) 
where 𝛽𝑠 and 𝛽𝑑 are the nonlinear modulation parameters describing the acoustic 
nonlinearities. Therefore, in many studies, the level of material nonlinearity (i.e. 
damage/degradation severity) is evaluated based on the sideband amplitude (sum or mean 
of 𝐴𝑠 and 𝐴𝑑) divided by the driving amplitudes, and the resulting ratio is called the 
damage index [127, 128] or modulation index/intensity [129, 130]. 
According to the literature, NWMS methods could be divided into the impact-
modulation and the vibro-modulation methods. In both categories, the transmission of 
high-frequency (probing) waves through the structural parts was commonly achieved 
with the use of surface-attached piezoelectric actuators. In the case of impact-modulation 
techniques, the structural parts were subject to low-frequency decaying vibration 
(pumping vibration) using a modal/impact hammer or another object with the aim to 
excite the structure at its natural modes of vibration. Impact-modulation techniques were 
exploited for the assessment of cracks in sandstone, acrylic and metals [50, 130-132], bolt 
loosening at the joint between aluminium plates [133, 134], bonding flaws in composite 
plates [125] and cracks in carbon filament wound canisters from impact events [135]. 
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In the case of vibro-modulation methods, low-frequency excitation of the 
components was carried out with steady-state forced vibrations typically from an 
electrodynamic shaker. Such methods were successfully applied to the detection of 
fatigue-induced cracks in steel [136, 137] and aluminium [129, 138-141] parts, stress-
corrosion cracks in aluminium and steel components [142], impact damage on composite 
laminates [143-145], bonding defects in sandwich panels and stiffened composite plates 
[146, 147], and contact loosening at metal-metal and composite-composite bolted joints 
[148, 149]. 
Vibro-modulation tests were also performed using externally mounted piezoelectric 
actuators (mainly PZT transducers) for the transmission of both low-frequency and high-
frequency waves through the material. This would be more suitable for on-board SHM 
applications rather than using shakers, or modal hammers in the case of impact-
modulation. Again, the detected modulation products were analysed for the identification 
and monitoring of fatigue damage in steel [150, 151] and aluminium samples [127, 152-
154], bolt loosening on aluminium [155] and steel [156] structures and BVID on 
carbon/epoxy composite plates [54, 157-161]. 
More recently, ultrasonic phased array probes were employed for the localisation and 
imagining of closed fatigue cracks oriented vertically in steel [162, 163] and aluminium 
[164] samples based on the nonlinear mixing of waves. In particular, a linear array of 
piezoelectric elements enclosed in an ultrasonic probe was programmed to transmit waves 
at two different frequencies in specific firing orders of the elements. The probe served 
both as the pulser and the receiver on one side of the sample (pulse-echo layout), and the 
elements were triggered with different patterns of signal phase to enable steering or 
focusing of the transmitted wave beams. In the same way, Fierro and Meo showed 
suppression of the “near field” noise when tested an impacted composite plate [164]. 
Moreover, Alston et al. [165], used an ultrasonic phased array to record the shear waves 
generated from two transducers on the opposite side of an aluminium sample (through-
transmission configuration), and measured the nonlinear mixing of the waves due to the 
presence of a horizontal contact interface inside the sample. As can be seen, only few 
studies have investigated the application of NWMS methods with phased array probes, 
and those were limited to the localisation of a single contact-type defect. In the case of 
horizontally oriented defects, the transmission of wave beams through multiple contact 
interfaces would be very low due to attenuation and, as a result, the defect-related 
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nonlinearities could be covered by the noise in the signal. Therefore, it would be 
interesting to explore ways for the improvement of the performance of phased array 
techniques based on the nonlinear modulation of waves, in order to achieve accurate 
positioning of defects at several depths inside the material. 
 
2.4 Smart Composite Materials with Embedded Sensors 
The studies referenced in the previous paragraphs proposed different NEWS techniques 
and experimental layouts for the identification and characterisation of structural damage. 
In several cases this was achieved by using surface-mounted sensors with the intention to 
provide alternative ideas that could help in the development of on-board SHM systems. 
The installation of sensing devices on the surface of engineering structures though, is not 
always desired. In aerospace applications, for example, external transducers can be 
detached due to vibrations or be exposed to extreme temperatures, high levels of humidity 
and radiation, high-velocity impacts (e.g. hailstorms or orbital space debris) and 
interplanetary vacuum [166]. Such conditions can affect the sensing capabilities of the 
transducers or damage them permanently. Composite panels are usually fabricated by 
stacking multiple FRP layers, meaning that the sensors can be placed inside the material 
during the manufacturing process. Apart from protection to the transducers, this also 
enables the manufacture of “smart” composite parts with smooth surfaces which is 
important for the aerodynamic performance of structures. In addition, the insertion of 
sensors can lead to enhanced ultrasonic sensitivity because of stronger coupling to the 
material [167]. 
 Based on the above and according to a recent review study from Meyer et al. [168], 
there is a number of published studies related to the manufacture of GFRP [169-179] and 
CFRP [180-195] plate-like structures with embedded piezoelectric sensors. Except for 
PZT transducers, piezoelectric polyvinylidene fluoride (PVDF) film sensors [171], 
piezoelectric patches [172, 195] and the piezoelectric Stanford Multi-Actuator-Receiver 
Transduction (SMART) layers [182, 188] were also used as sensors. 
According to the literature, the transducers are typically embedded in the material 
using one of the three techniques shown in Figure 12. In the first one (Figure 12a), the 
sensor is placed into a pocket which is created after removing the required volume of 
material [169, 172, 178-180, 183-187, 192-195]. However, cutting of the fibres causes 
localised decrease in the strength of the material.  




Figure 12: Sensor embedment in composites using the cut-out (a), interlaying (b) and direct (c) techniques. 
 
The second technique (Figure 12b) involves the fabrication of a sensor network in the 
form of polymeric layer, in order to allow its insertion as an additional ply [170, 177, 181, 
182, 188]. Although this maintains better distribution of internal stresses, there is a risk 
for complete delamination in the case of poor adhesion between the sensor and the 
composite layers. In the last method (Figure 12c), the transducer is directly interlaid 
between the composite plies [171, 173-176, 189-191]. Depending on the geometry of the 
sensor, this method can have lower impact on the interlaminar properties of the material 
relative to the first two techniques. 
Besides the choice of an embedding method, the inclusion of transducers in CFRP 
plates has an additional level of difficulty relative to the case of GFRP laminates. The 
conductive carbon fibres will electrically short-circuit the transducer if they come in 
contact with the electrodes or the soldered joints. To avoid this, PZT sensors and patches 
are typically covered or completely wrapped with polyimide (Kapton) film [180, 183-
186, 190, 193-195]. In the case of SMART layer the sensing network is printed on a 
Kapton substrate [182, 188]. Kapton is a polymeric material with different elastic and 
bonding properties than those of the matrix on the composite layers, and thus, it can 
introduce delamination to the plates in the same way as the release (Teflon) patches used 
in experimental samples to create bonding defects [196]. Other examples involve the 
insertion of sensors between GFRP layers, and the cured laminate is in turn embedded in 
a CFRP laminate [189, 192]. However, this is considered a hybrid composite (i.e. separate 
category), and there is still a great possibility for weak adhesion at the GFRP-CFRP 
interfaces as the two materials are often cured individually due to differences in their 
curing conditions (e.g. temperature, pressure, time etc.). 
Regarding the standard CFRP plates, some studies concluded that the properties of 
the material were not affected by the inclusion of Kapton insulated sensors [182-186, 188, 
193]. However, the majority of them referred to the results from static and cyclic tensile 
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tests, and compression tests [183-186] without performing any bending tests which focus 
on the flexural and interlaminar properties. Furthermore, only few of the previous 
research works examined the capabilities of embedded transducers to detect flaws in 
CFRP laminates based on ultrasonic wave propagation, and that was demonstrated only 





Development of Smart CFRP Composites with 
Embedded PZT Transducers 
 
The main goal of the journal article (Paper I) presented in this chapter, was that of 
proposing a novel method for the electrical insulation of piezoelectric transducers 
embedded in CFRP composite laminates. The layout included thin piezoelectric PZT 
disks (PI Ceramic PIC255-00004137) directly placed between the layers of cross-ply 
CFRP laminates without cutting any fibres. This type of sensor was not only chosen 
because of its broadband frequency response and its low-power requirements, but also for 
its design. In fact, the small size of this transducer (6 mm diameter and 0.3 mm thickness) 
should cause negligible distortion of the surrounding material, and its circular shape 
would allow the interlaminar stresses to be distributed more evenly around its periphery. 
The top surface of the transducers, which featured both the positive and the negative 
electrodes, was covered with a square patch made from a single layer of dry woven E-
glass fibre fabric Figure 1. This idea was inspired from studies on the development of 
fibre reinforced metal-matrix composites such as CFRP-Aluminium hybrid structures, 
which included glass fibres to stop the direct contact between the two materials and 
eventually to prevent the corrosion of their surfaces [197]. 
 
 
Figure 1: Cross-sectional view of CFRP laminate with directly embedded PZT transducer. 
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In this work, numerical simulations were initially conducted using finite element models 
of CFRP composites and suggested that the sensor should be placed above the middle 
plane of the laminate, so that interlaminar shear failure would be less likely to occur at 
the interface between the sensor and the composite. 
Then, the mechanical performance of the CFRP specimens containing glass fibre 
insulated PZTs (G-specimens) was assessed by performing bending tests (short-beam and 
long-beam) and compression tests. For comparison, the same tests were repeated using 
plain laminates (P-specimens) and plates in which the embedded transducers were 
insulated with the standard method involving the use of a Kapton layer (K-specimens). 
The type of failure in each specimen group was studied with the use of an optical 
microscope, and the size of the damage length and opening inside the samples was 
recorded. The results from the mechanical tests and fractographic inspections were 
subject to a statistical analysis which revealed that the mean values corresponding to P-
specimens were equal to those of G-specimens but significantly different from the values 
of K-specimens. 
Finally ultrasonic NEWS experiments were conducted using pairs of sensors in 
CFRP laminates containing an area of delamination which was represented by a double-
layered patch of fluorinated ethylene propylene (FEP). These experiments proved that the 
proposed embedding method achieved the electrical insulation of the PZT disks. Most 
importantly though, the sensitivity of the internal sensors to the detection of damage was 
found to be significantly higher than that of surface-bonded transducers, based on 
measurements of the relative acoustic nonlinearity parameter 𝛽 (i.e. ratio of 𝐴2 𝐴1
2⁄ ).  
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Abstract 
Embedded piezoelectric lead zirconate titanate (PZT) transducers in carbon fibre 
reinforced plastic (CFRP) composites are typically electrically insulated by interlaying 
materials such as polyimide Kapton films between the PZT and the laminate ply. 
However, the presence of polymeric films may cause debonding at the layer interface and 
an increase of material distortion around the PZT, thus reducing the structural 
performance. This paper proposes an alternative insulation technique in which PZTs are 
covered by a thin layer of woven E-glass fibre fabric for enhanced adhesion with the 
surrounding epoxy matrix. An analysis of variance on experimental test results showed 
that the compressive, flexural and interlaminar shear strengths of plain CFRP specimens 
were equal to the means of the smart CFRP composite (0.41<𝑝<0.58), but significantly 
higher from the means of Kapton specimens (0.0001<𝑝<0.05). Thus, the proposed 
insulation technique had no impact on the mechanical properties of the laminate. 
Moreover, a post-test fractographic analysis indicated that at least one damage parameter 
(damage opening) in Kapton specimens was significantly larger (𝑝=0.03) than in plain 
specimens, but the damage length and opening in the proposed woven E-glass fibre 
samples were equal to those in plain composites. Also, the brooming failure under 
compression was the same for the smart CFRP composite and the plain samples, whereas 
the Kapton specimens failed by through-thickness shear. Finally, nonlinear ultrasonic 
experiments were conducted on CFRP laminates with artificial in-plane delamination 
using glass fibre insulated PZTs. The effect of second harmonic generation was found to 
be nearly two times higher than conventionally surface-bonded PZTs.  
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1 Introduction 
With growing demand from aerospace industry for next-generation lightweight, safe and 
technologically advanced structures, there is a strong need to develop fibre reinforced 
plastic (FRP) composites with integrated sensing capabilities. Surface-mounted 
piezoelectric lead zirconate titanate (PZT) transducers are typically used to sense the 
monitored component and provide real-time information about structural health 
conditions. PZT sensors have balanced actuation and sensing constants, as well as good 
thermal stability and resistance to high temperatures [1]. PZTs are able to convert changes 
in strain, pressure, force and acceleration into electrical signals, based on the piezoelectric 
effect [2]. The signals can then be processed with dedicated ultrasonic algorithms to 
provide information about the health status of components. However, the external 
exposure of PZTs to the surrounding environment (e.g. moisture and corrosion) makes 
them susceptible to failure [3]. Protection systems of externally mounted PZTs would 
dramatically increase manufacturing costs and weight. Hence, in order to improve the 
efficiency of smart composites with sensing features, PZT transducers have been inserted 
into layers of both glass and carbon fibre reinforced plastic (GFRP and CFRP) laminates 
[4-11]. The use of embedded PZT sensors has, therefore, led to the development of smart 
composites for ultrasonic structural health monitoring (SHM) applications.  
However, one of the biggest challenges in the development of smart CFRP laminates 
is the need for insulation of embedded PZTs from the electrically conductive carbon 
fibres. According to the literature, polyimide (Kapton) film is commonly used as an 
interlayer material between the sensor and the laminate plies due to its high temperature 
resistance [4-9]. A number of studies such as those by Mall and Coleman [4], Paget and 
Levin [5] and Arellano et al. [3] proved that the tensile and compressive strength as well 
as the fatigue endurance of CFRP laminates were negligibly affected by the embodiment 
of PZTs insulated by Kapton film layers. However, to the best of authors’ knowledge, 
only few studies analysed both flexural and interlaminar properties of smart composites 
with embedded PZT insulated by polymer layers. Lin and Chang [7], for example, 
investigated the interlaminar behaviour of their SMART Layer inserted into the laminate 
of a CFRP composite. Double lap shear and short beam shear tests revealed that the 
interlaminar properties of the CFRP laminate were not significantly affected by the 
presence of an additional phase within the composite. Nevertheless, it is well known that 
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polymeric films made of Kapton and Teflon are typically used during the manufacturing 
process to generate controlled “artificial” delamination in composites [12]. Indeed, the 
presence of polymeric films within the laminate causes poor adhesion and debonding 
between plies, thus weakening the whole composite structure and creating interlaminar 
stresses surrounding the PZT sensor [13]. These stresses may even dramatically reduce 
the sensing ability of embedded transducers. Hence there is a need for alternative 
materials and processes to insulate embedded PZTs in CFRP composites.  
This study proposes a novel material processing technique for the electrical 
insulation of circular PZTs inserted between the plies of CFRP laminates. In particular, a 
thin layer of woven E-glass fibre fabric was placed over the top (conductive) surface of 
the embedded PZT transducer, as illustrated in Figure 2. This novel smart composite was 
inspired from CFRP-Aluminium hybrid (CARALL) laminates in which glass fibres were 
integrated between the two materials to avoid corrosive degradation of the surfaces [14].  
 
 
Figure 2: Configuration of embedded PZTs in CFRP laminates. 
 
The effect of the proposed embedding technique on the mechanical properties of the 
laminate was experimentally studied and compared with the effect of the conventional 
embedding technique using Kapton layers. This study was supported by a numerical finite 
element (FE) model, which was developed to provide initial information about the 
optimal position of the PZT and glass fibre along the thickness of the CFRP composite. 
The interlaminar shear strength, the flexural strength and compressive strength of CFRP 
laminates with embedded PZTs and a layer of woven E-glass fabric (G-specimens) were 
determined by performing short-beam and long-beam three-point bending tests, and 
compression tests. The same tests were performed using plain CFRP laminates (P-
specimens) as well as CFRP composites in which the embedded PZTs were covered by a 
500HN Kapton film layer (K-specimens). In addition, all specimens were subject to post-
3. Development of Smart CFRP Composites with Embedded PZT Transducers 
40 
test fractographic inspection with optical microscope to study the failure mode in each 
case study. Finally, the functionality of the proposed smart composite and its sensitivity 
in detecting material damage were examined by conducting Nonlinear Elastic Wave 
Spectroscopy (NEWS) experiments on CFRP plates with artificial in-plane 
delaminations. 
 
2 Nonlinear Elastic Wave Spectroscopy Methods 
Over the years, a number of ultrasonic algorithms have been developed to detect material 
damage in CFRP laminates [15-17]. NEWS techniques have been widely used in 
composites due to their higher sensitivity over linear ultrasonic methods to detect damage 
at early stages of formation (e.g. micro-cracks, delamination and voids) [19-23]. In 
particular, elastic waves propagating through the material can force micro-crack 
interfaces to either oscillate (“clapping” motion) or move relative to each other (“rubbing” 
motion), thus resulting in the generation of nonlinear elastic effects such as higher 
harmonics (even and odd multiples) and sub-harmonics (sub-multiples) of ultrasonic 
excitation signals [24]. According to Landau and Lifshitz [25], in the “classical” nonlinear 
material response, second harmonic generation can be considered as the principal 
signature for damage identification. As reported by many authors (e.g. Landau and 
Lifshitz [25] and, more recently, Zagrai et al. [26]), the one-dimensional elastodynamic 
wave equation in the second order approximation shows that the displacement 𝑢 of 
propagating elastic waves is not only dependent on the linear properties of the medium 














 .      (1) 
This 𝛽 parameter describes the second order nonlinear effect exhibited by the damaged 
material [26]. By measuring the signal amplitude at the fundamental and second harmonic 
frequencies (𝐴1 and 𝐴2), the parameter 𝛽 can be determined based on the following 
equation 







 ,         (2) 
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where 𝑥 and 𝜔 are the propagation distance inside the material and the angular frequency 
of the input waveform, respectively. Since 𝑐0, 𝑥 and 𝜔 are constants, the parameter 𝛽 can 
be easily considered as [26] 
         |𝛽| ∝ 
𝐴2
𝐴1
2 .          (3) 
It has been proved that the parameter 𝛽 increases proportionally with material degradation 
[27] and its estimation, originally introduced by Buck et al. [28] and Antonets et al. [29], 
allows NEWS techniques to detect damage in composites. Polimeno et al. [20] monitored 
the nonlinear response of a CFRP laminate with micro-cracks and delamination using a 
piezoelectric exciter and a microphone mounted onto the surface of the laminate. By 
exciting the laminate at one of its resonance frequencies and by monitoring the amplitude 
of harmonics in the spectrum of the received signal, second harmonic generation was 
proved to be highly accurate in the detection of damage and the estimation of damage 
size. More recently, Ciampa et al. [22] demonstrated that high order bispectral analysis 
of waveforms obtained using a pair of PZTs bonded onto the surface of a CFRP laminate 
with artificial delamination (i.e. Teflon insert) allowed the evaluation of second order 
nonlinearity. The “non-classical” nonlinear material response [30] including the effect of 
nonlinear local damage resonance (LDR) was also studied to enhance the identification 
of nonlinear elastic features in damaged materials [31]. In particular, if the driving 
frequency matches the damage resonance frequency, the vibrational amplitude of 
nonlinear elastic effects can be dramatically increased (up to ~20-40 dB). This LDR 
effect leads to a very efficient energy pumping at the damage area and ensures that even 
a low input acoustic power of few mW is sufficient to generate nonlinear elastic effects 
at the crack location. As a result, superharmonics of the LDR frequency in addition to 
higher harmonics of the input frequency can be generated [23]. This effect was 
analytically demonstrated by Solodov et al. [32] using a 1D model of a linear damped 
oscillator. Ciampa et al. [23] not only validated the results from the study of Solodov, but 
also introduced a 2D mathematical model and proved theoretically and experimentally 
the existence of intermodulation effects of the LDR frequency. However, the vast 
majority of NEWS testing has been performed using surface-bonded PZTs [18-23]. 
Sensor embedment would offer, instead, the opportunity to achieve better coupling with 
the material, thus resulting in higher signal amplitude and enhanced sensitivity for 
damage detection [33]. 
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3 Assessment of Mechanical Properties 
This section outlines the numerical and experimental work performed to analyse the 
combined effect of the embedded PZT and its insulating layer on the mechanical 
properties of CFRP laminates. 
 
3.1 Numerical Finite Element Models  
Prior to the specimen manufacture, static short-beam tests were simulated with FE models 
using ANSYS Workbench software (in accordance with the BS-EN-ISO-14130:1997 
standard [34]). The aim of the numerical simulations was to determine the optimal 
position of the PZT and glass fibre along the thickness of the CFRP composite subject to 
three point bending, which minimised the interlaminar shear effects in the laminate. A 
standard cross-ply stacking sequence of the CFRP composite, which is widely used in 
aerospace applications (Figure 2), was here selected and employed in the numerical 
models and in the experimental Section 3.3. The CFRP and glass fibre layers, the PZT, 
the loading head and the supports were simulated using 3D 20-noded SOLID186 
elements. This element type offers mixed formulation capability for simulating 
deformations of nearly incompressible elastoplastic materials. The loading head and 
supports were modelled as rigid hollow cylinders. The total number of elements was 
67,860. Similarly to Moulin et al. [35], the epoxy resin-rich regions (Figure 3b) formed 
at the periphery of the PZT and the glass fibre layer were modelled as pure resin. Whilst 
the CFRP composite lamina and the glass fibre layer were assumed to be homogenous 
and transversely isotropic, the resin and PZT sensor were considered homogenous and 
isotropic. The elastic properties of all materials including the Young’s modulus (𝐸) the 
shear modulus (𝐺) and the Poisson’s ratio (𝜈) along with tensile, compressive and shear 
strengths (𝑋, 𝑌 and 𝑆) are provided in Table 1 and Table 2. The subscripts 1 and 2 in each 
elastic constant denote the longitudinal and the transverse direction in the plane of the 
lamina, whilst 3 is the thickness direction. A cohesive zone model (CZM) represented by 
3D 16-noded INTER204 elements was introduced at layer-layer and layer-PZT 
interfaces. Generally, INTER204 elements can simulate an interface between two 
surfaces and the subsequent delamination process, when used with SOLID186 elements. 
In addition, the frictionless Hertzian contact model represented by element types 
CONTA174 and TARGE170 was used to simulate the contact between the loading head 
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and the laminate and between the laminate and supports. Typically, CONTA174 elements 
are located on SOLID186 surfaces, and TARGE170 overlay the SOLID186 elements. 
 




Layer [36, 37] 
Woven E-glass Fibre 
Fabric Layer [38, 39] 
E1, E2, E3 (GPa) 172, 8.9, 8.9 12.5, 11.8, 11.8 
G12, G13, G23 (GPa) 4.2, 4.2, 0.0225 3.5, 3.5, 3.5 
ν12, ν13, ν23 0.35, 0.35, 0.01 0.17, 0.17, 0.07 
X1, X2 (MPa) 2200, 61 322, 290 
Y1, Y2 (MPa) 2200, 130 204, 200 
S1, S2 (MPa) 85, 40 39, 39 
 
Table 2: Properties of PZT and resin. 
Isotropic Property PZT [40] Resin [41] 
E (MPa) 1.1E+05 3780 
G (MPa) 4.1E+04 1400 
ν 0.34 0.35 
X (MPa) 290  54.6 
 
Three FE models of the CFRP laminate with embedded PZT and glass fibre located at 
different depths along the thickness were created. In the first FE simulation, the PZT and 
glass fibre were inserted at the middle plane, i.e. between layers 6 and 7 from the bottom 
(see Figure 2). In the second and third FE models, the PZT and glass fibre were inserted 
towards the laminate region under compression (between layers 8 and 9) and tension 
(between layers 4 and 5), respectively. As illustrated in Figure 3a, the PZT was not placed 
midway along the specimen length to avoid compressing it directly with the loading head. 
In this numerical analysis, it was assumed that boundary conditions remained constant 
during loading and that the CFRP material was deformed within their elastic region. 
Simulations were performed by applying a static nodal displacement of 0.4 mm to the 
loading head with a direction perpendicular to the laminate surface. Moreover, perfect 
bonding between the PZT, the glass fibre layer and CFRP layers was assumed. 
 




Figure 3: Illustration of the geometry used for the numerical FE short beam three point bending test (a) 
and a zoom of the section view of the numerical model with the PZT inserted between layers 4 & 5 (b). 
 
The ANSYS’s built-in Hashin’s model for damage initiation and evolution was here used 
to identify the regions within the sample at which tensile or compressive damage in the 
fibre and matrix was initiated. This is described by the following four failure criteria 
modes for damage initiation [42] 
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where ?̂?𝑖𝑗 and ?̂?𝑖𝑗 are the normal and shear components of the effective stress tensor, 
respectively. The constitutive law is provided by the following equation [36] 
 𝜎 = 𝐶𝑑 ,          (8) 
where 𝜎 is the true stress converted into the effective stress ?̂? through a tensor operation 
[36],  is the true strain and 𝐶𝑑 is the damage elasticity matrix which describes material 






(1 − 𝑑𝑓)𝐸1 (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜈21𝐸1 0
(1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜈12𝐸2 (1 − 𝑑𝑚)𝐸2 0
0 0 𝐷(1 − 𝑑𝑠)𝐺12
],   (9) 
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where 𝑑𝑓, 𝑑𝑚 and 𝑑𝑠 are damage variables for tension, compression and shear [36], and 
 𝐷 = 1 − (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜈12𝜈21 > 0.     (10) 
Once the four failure criteria modes for damage initiation (4 - 7) are satisfied, further 
loading will cause a variation of the coefficients of the damage elasticity matrix (9) as 
function of damage variables 𝑑𝑖 [36]. Indeed, the effective stress is equal to the true stress 
only if damage is not initiated, since damage variables are initially set equal to zero. An 
in-built damage evolution law for the damage variable in ANSYS is used to simulate the 
in-ply damage in each lamina. The damage evolution law is known as Continuum 
Damage Mechanics method that models gradually increasing damage. This is defined in 
terms of the fracture energy dissipated during the damage process, which is a 
generalisation of the CZM using cohesive elements [42, 43]. The input parameter is the 
energy dissipated per unit area 𝐺𝐶 that accounts for fibre tension 𝐺𝑓𝑡
𝐶 , fibre compression 
𝐺𝑓𝑐
𝐶 , matrix tension 𝐺𝑚𝑡
𝐶  and matrix compression 𝐺𝑚𝑐
𝐶 . The values used in this model of 
the energy dissipated for the CFRP material have been taken from literature and are equal 
to 𝐺𝑓𝑡
𝐶 = 𝐺𝑓𝑐
𝐶 = 70 mJ/mm2 and 𝐺𝑓𝑡
𝐶 = 𝐺𝑓𝑐
𝐶 = 0.25 mJ/mm2 [36]. As a result of the 
damage evolution law, an equivalent damage index variable 𝑑 is obtained, which ranges 
from zero (undamaged material) to one (fully damaged material) and accounts for all four 
different modes mentioned above. 
As illustrated in Figure 4 and Figure 5, damage was analysed at two specific layers 
in each FE simulation. For clarity, Figure 5 is an enlargement of Figure 4. The first layer 
examined was the CFRP ply under the PZT and glass fibre (Figure 4). The numerical 
results suggested that the centre of this layer (under the loading head) was more prone to 
fibre failure whereas, near the PZT periphery, delamination was more likely to occur. The 
second layer under examination was the glass fibre layer on top of the PZT (Figure 5). 
Also here, failure results revealed that damage was more likely to occur at the PZT 
periphery in the form of delamination. Although these observations were common 
between the three FE simulations, the lowest damage variable values (from 0 to 1) were 
obtained with the PZT and glass fibre layer placed above the middle plane. Conversely, 
the highest values were obtained with the PZT and glass fibre layer placed exactly at the 
middle plane. Failure results of FE simulations are summarised in Table 3. Based on this 
analysis, the PZT position with the minimum effect on the structural integrity of the 
laminate was achieved towards the surface under compression (i.e. between layers 8 and 
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9). Therefore, this final lay-up and PZT position (see Figure 2) were chosen for all 
specimens used in the experimental mechanical tests. 
 
 
Figure 4: Contour plot of Hashin’s damage index values on the CFRP Layer under the PZT (top view). 
The PZT and glass fibre layer were inserted between layers 8 & 9. 
 
 
Figure 5: Contour plot of Hashin’s damage index values on the glass fibre layer above the PZT (top view). 
The PZT and glass fibre layer were inserted between layers 8 & 9. 
 
Table 3: Summary of Hashin’s Failure Values. 
PZT Position Maximum Damage Index Value 
 CFRP Layer 
(at middle) 
CFRP Layer 
(at PZT periphery) 
Glass Fibre Layer 
(at PZT periphery) 
Between layers 4 & 5 0.776 < 0.750 0.956 
Between layers 6 & 7 0.663 < 0.500 0.774 
Between layers 8 & 9 0.546 < 0.375 0.607 
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3.2 Specimen Manufacture 
Three groups of six CFRP specimens (six P-, six G- and six K-specimens) were 
manufactured for each test (bending and compression). One specimen from each group 
was kept in pristine condition (control specimens) and used in post-test fractographic 
comparisons with damaged specimens. All samples were cut from larger plates (using a 
water-cooled diamond saw) made from unidirectional carbon/epoxy prepregs (Hexcel 
T800/M21) in [90/0/90/0/90/0]s stacking sequence, with a total thickness of around 
3 mm (Figure 2). The composite plates were originally laid up by hand and cured inside 
an autoclave for 120 minutes at a pressure of 0.7 MPa and a temperature of 180⁰C with a 
ramp rate of 3⁰C/min. The diameter of the PZT was 6 mm and its thickness 0.3 mm. In 
G- and K-specimens, the size of glass fibre/Kapton layer over the PZT was approximately 
10 × 10 mm. 
 
3.2.1 Specimens used in Short-Beam and Long-Beam Bending Tests 
The specimens used in the short-beam and the long-beam bending tests were 
manufactured in accordance with Section 3.1 and the BS EN ISO 14130:1997 and ASTM 
D7264/D7264M-07 standards, respectively [34, 44]. The dimensions of both specimen 






Figure 6: Dimensions of short-beam specimens (a) and long-beam specimens (b) used in bending tests. 
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3.2.2 Specimens used in Compression Test 
The specimens used in the compression test were manufactured in accordance with 
Section 3.1 and BS-EN-ISO-14126:1999 standard [45]. As shown in Figure 7, the ends 
of the specimens were reinforced using tabs on either side to avoid damaging of the 
specimen during testing. For this reason, the PZTs were placed midway along the un-
tabbed length of the specimens. The tabs were cut from larger plates made from 
unidirectional glass/epoxy prepregs (Hexcel UD192/8552). These were laid up by hand 
in [90/0/90/0/90/0]s stacking sequence and cured under the same conditions as the 
CFRP plates (ref. 3.2) but for 60 minutes longer. The tab plates were adhered to the CFRP 
plates before cutting of individual specimens using a two-part epoxy adhesive (Araldite 
420 A/B) and the assembly was cured in accordance with the test standard. 
 
 
Figure 7: Dimensions of specimens used in compression tests. 
 
3.3 Experimental Mechanical Tests  
3.3.1 Short-Beam and Long-Beam Three-Point Bending Tests 
The two mechanical tests were performed using a three-point bending configuration 
(Figure 8). According to the BS EN ISO 14130:1997 standard, the short-beam test was 
performed by maintaining a span-to thickness ratio of 5:1 and using a loading roller and 
supporting rollers of 5mm and 2mm radii respectively. In the long-beam test, the span-
to-thickness ratio was 32:1 and all three rollers had a radius of 3mm in agreement with 
the ASTM D7264/D7264M-07 standard. All CFRP samples in both tests were loaded to 
failure on an Instron machine (Tabletop Model 3369) after setting the velocity of the 
loading head to 1 mm/min. 
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Figure 8: Schematic of short-beam (a) and long-beam (b) three-point-bending configurations. 
 
3.3.2 Compression Test 
According to method 1 of BS-EN-ISO-14126:1999 standard, the compressive load was 
applied to the specimens by shear through the surfaces of the end-tabs. A schematic of 
the compression fixture used is depicted in Figure 9. Briefly, each specimen was 
symmetrically clamped inside the fixture with its end-tabs being held between two 
rectangular steel blocks using eight bolts. A 10 mm gap was maintained between the top 
and bottom blocks; equal to the un-tabbed length of the specimen. The CFRP samples 
were compressed to failure on an Instron machine (Floor Model 5585) using a loading 
head velocity of 1 mm/min. The load was applied perpendicularly the top set of blocks 
that could move relative to the bottom blocks through the alignment rods. 
 
 
Figure 9: Schematic of compression test fixture. 
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3.4 Post-Test Fractographic Inspection of CFRP Specimens 
After completing the tests, all short-beam and the long-beam specimens were 
encapsulated into epoxy resin to maintain their state of failure. Samples were then 
sectioned along their long axis to expose their internal structure (Figure 10). The failure 
mode and damage size in G- and K-specimens were studied and compared with those in 
P-specimens using a high-quality scanner (Epson Expression 1680 Professional) and an 
optical microscope (Leica DFC425). The control (pristine) specimens were also 
encapsulated into epoxy resin and used for comparisons with damaged specimens. The 
failure mode in compression samples was directly examined with the optical microscope. 
Encapsulation into epoxy resin was not possible because, as expected, the failure was not 
uniform along samples’ width. 
 
 
Figure 10: Long-beam specimen - section view. 
 
3.5 Results and Discussion 
A standard one-way analysis of variance (ANOVA) was conducted using Matlab to 
statistically determine if there was a significant difference, initially between the group 
means of P- and G-specimens, and then between P- and K-specimens. The null hypothesis 
(𝐻0) was that the group means were equal and the alternative hypothesis (𝐻𝐴) that the 
means were not equal, with a significance level (𝛼) of 0.1 (i.e. 90% confidence level). 
Briefly, in one-way ANOVA the 𝐹-value (or 𝐹-statistic) is the following ratio [46] 
 𝐹 =
𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 𝐵𝑒𝑡𝑤𝑒𝑒𝑛 𝐺𝑟𝑜𝑢𝑝𝑠 
𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 𝑊𝑖𝑡ℎ𝑖𝑛 𝐺𝑟𝑜𝑢𝑝𝑠
 .      (11) 
For a true null hypothesis, 𝐹-value should be approximately equal to 1 with the sampling 
fluctuations following an 𝐹 distribution. The 𝐹 distribution was characterised by the 
numerator degrees of freedom (𝑑𝑓𝑁) and the denominator degrees of freedom (𝑑𝑓𝐷), 
where 𝑑𝑓𝑁 was equal to the number of groups minus 1 (i.e. 2-1=1) and the 𝑑𝑓𝐷 was equal 
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to the total group data minus the number of groups (i.e. 10-2=8) [47]. The probability (𝑝-
value) that 𝐹-value would exceed the computed test-statistic was derived by ANOVA 
from the cumulative distribution function of 𝐹 distribution [48]. For 𝑝-values smaller than 
𝛼 (𝑝 < 0.1) the null hypothesis was rejected meaning that the group means were 
significantly different. Inversely, for 𝑝 > 0.1 the null hypothesis was accepted. 
 
3.5.1 Mechanical Testing Results 
3.5.1.1 Short-Beam and Long-Beam Three-Point Bending Tests  
The results from the two bending tests along with the 𝐹- and 𝑝-values form ANOVA are 
presented in Table 4. In the short-beam bending test, P- and G-specimens failed on 
average at a maximum interlaminar shear stress of around 51 MPa and a maximum 
deflection of 0.81 mm. The ANOVA results verified that the means of interlaminar shear 
strength and maximum deflection between these two groups were equal; 𝑝=0.45 and 
𝑝=0.41 respectively. On the other hand, K-specimens failed on average at a maximum 
interlaminar shear stress of 45.6 MPa and a maximum deflection of 0.76 mm which were 
found to be significantly lower (𝑝=0.0001 and 𝑝=0.0014) than the values of P-specimens. 
With regards to the long-beam bending test, the mean values of maximum flexural stress 
and maximum deflection of the P- and G-specimens were around 735 MPa and 8.56 mm, 
without any significant difference (𝑝=0.47 and 𝑝=0.53). The corresponding values for the 
K-specimens were 685.7 MPa and 8.07 mm which were confirmed to be significantly 
different from those of P-specimens (𝑝=0.01 and 𝑝=0.05).  
 
3.5.1.2 Compression Test 
Similarly, the compression test results (Table 4) indicated that the average compressive 
strength and maximum compressive extension of P- and G-specimens were almost the 
same (𝑝=0.46 and 𝑝=0.58) and around 495 MPa and 1.035 mm. Again, for 𝑝-values of 
0.0023 and 0.032, the mean compressive strength (438.9 MPa) and extension (0.95 mm) 
of K-specimens were evidently low compared with P-specimens. 
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Table 4: Summary of mechanical testing results. 
Test Property P-specimens G-specimens K-specimens 
Short-Beam 
Bending 
Int. Sh. Strength (MPa) a 51.0 (1.2) 50.5 (1.0) 45.6 (1.2) 
F-value - 0.68 50.94 
p-value - 0.4327 0.0001 
Max. Deflection (mm) a 0.82 (0.02) 0.80 (0.02) 0.76 (0.02) 
F-value - 0.78 22.6 
p-value - 0.4106 0.0014 
Long-Beam 
Bending 
Flex. Strength (MPa) a 741.3 (24.3) 729.7 (24.6) 685.7 (28.4) 
F-value - 0.57 11.1 
p-value - 0.4722 0.0104 
Max. Deflection (mm) a 8.66 (0.42) 8.46 (0.53) 8.07 (0.41) 
F-value - 0.44 5.08 
p-value - 0.528 0.0542 
Compression 
Comp. Strength (MPa) a 499.8 (21.1) 488.8 (23.4) 438.7 (22.9) 
F-value - 0.61 19.18 
p-value - 0.4579 0.0023 
Max. Comp. Ext. (mm) a 1.05 (0.06) 1.02 (0.08) 0.95 (0.06) 
F-value - 0.34 6.72 
p-value - 0.5777 0.032 
a Standard deviation in brackets 
 
3.5.2 Fractography Results 
3.5.2.1 Short-Beam Specimens 
As depicted in Figure 11 and Figure 12, by observing the failure mode of short-beam 
specimens, interlaminar shear occurred at the interface between the two middle layers (6 
and 7) and close to the specimen ends in all three types of specimen (P, G and K). In G-
specimens the glass fibre layer over the PZT could not be easily visualised as it was 
covered by the matrix during the curing process. The propagation length (L) and opening 
(H) of shear damage were both measured in all specimens (Figure 12b) and the average 
values for each specimen group were calculated. The damage opening in each specimen 
was measured as the average of three measurements along the damage length (please see 
the experimental results in Table 5). The results from ANOVA suggested that the mean 
value of L in P-specimens was not different from that in G- and K-specimens (𝑝=0.71 
and 𝑝=0.37), but L was much more similar between P- and G-specimens rather than P- 
and K-specimens. On the other hand, the average value of H in P-specimens was found 
to be the same only with that in G-specimens (𝑝=0.45), and significantly lower than in K-
specimens (𝑝=0.03). In addition, by examining the distribution of CFRP layers around 
the PZT, no difference was observed between the damaged and the control specimens 
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within each specimen group. It must be noted that the splitting of CFRP layers up to few 
hundred microns away from the PZT periphery (Figure 12c) was due to the direct 
insertion of the PZT and not because of the damage. 
 
 
Figure 11: Short-beam specimens - cross-sectional view of damaged P-specimen (a), G-specimen (b) and 
K-specimen (c). 
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Figure 12: Short-beam specimens - closer view of specimen ends in the control P-specimen (a), damaged 
P-specimen (b), control G-specimen (c), damaged G-specimen (d), control K-specimen (e) and damaged 
K-specimen (f). 
 
Table 5: Summary of damage measurements in short-beam specimens. 
Damage Size P-specimens G-specimens K-specimens 
L (mm) a 3.484 (0.477) 3.599 (0.449) 3.751 (0.413) 
F-value - 0.15 0.9 
p-value - 0.7050 0.3711 
H (mm) a 0.058 (0.022) 0.061 (0.026) 0.063 (0.024) 
F-value - 0.62 7.53 
p-value - 0.4541 0.0253 
a Standard deviation in brackets 
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3.5.2.2 Long-Beam Specimens 
With regards to the long-beam specimens used in the flexural test, the failure mode was 
also the same for all three specimen types. Damage occurred on the compression surface 
(top) midway along the specimen length as depicted in Figure 13. Closer inspection of 
the areas next to the damage and the PZT (Figure 14) revealed that fibre breakage 
occurred at the top three to five plies followed by in-plane delamination of the same plies 
up to few hundred microns away from the crack. By comparing the damaged specimens 
with the control specimens, no difference was noticed in the distribution of CFRP layers 
around the PZT. Similarly to the short-beam test, both L and H of delamination were here 
measured in all specimens (Figure 14), and the results are summarised in Table 6. The 
average values of L and H in both G- and K-specimens were considered equal to the 
values in P-specimens based on the ANOVA results (𝑝 > 0.1 in all cases). However, H 
and L values were again more similar between P- and G-specimens (𝑝=0.87 and 𝑝=0.74) 
than between P- and K-specimens (𝑝=0.79 and 𝑝=0.68). 
 
 
Figure 13: Long-beam specimens - cross-sectional view of P-specimen (a), G-specimen (b) and K-
specimen (c). 
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Figure 14: Long-beam specimens - closer view of damage area (a) and PZT area (b). 
 
Table 6: Summary of damage measurements in long-beam specimens. 
Damage Size P-specimens G-specimens K-specimens 
L (mm) a 5.595 (1.556) 5.742 (1.274) 5.863 (1.462) 
F-value - 0.03 0.08 
p-value - 0.8745 0.7867 
H (mm) a 0.199 (0.030) 0.206 (0.034) 0.207 (0.027) 
F-value - 0.12 0.19 
p-value - 0.7398 0.6761 
a Standard deviation in brackets 
 
3.5.2.3 Compression Specimens 
In the case of compression tests, damage in all P-, G- and K-specimens occurred within 
the un-tabbed section as expected. According to Figure 15, failure in K-samples was a 
combination of central through-thickness shear up to the plane of PZT/Kapton layer 
followed by complete delamination along that plane and finally through-thickness shear 
at both ends of un-tabbed section. G-samples also included a noticeable delamination at 
the plane of PZT/glass fibre layer. However, the brooming failure in both G- and P- 
specimens appeared to be almost identical. 
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Figure 15: Compression specimens - closer view of un-tabbed section in the control P-specimen (a) 
damaged P-specimen (b), control G-specimen (c), damaged G-specimen (d), control K-specimen (e) and 
damaged K-specimen (f). 
 
4 Functionality and Sensitivity of Embedded 
Transducers 
Embedded PZTs with glass fibre layers were tested for the transmission and reception of 
elastic waves through the CFRP laminate in order to detect internal damage. The aim of 
this section was (i) to prove the effectiveness of glass fibre layers in protecting PZTs from 
being short-circuited and (ii) to demonstrate the ability of detecting internal damage using 
embedded PZTs and nonlinear ultrasound. The sensitivity of embedded PZTs to material 
damage was also compared with the sensitivity of surface-bonded PZTs. A double patch 
made from Fluorinated Ethylene Propylene (FEP) release film (12μm thick) was inserted 
in CFRP laminates to generate controlled “artificial” in-plane delamination [12]. 
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4.1 Specimen Manufacture 
Three 120 × 30 mm CFRP specimens with [90/0/90/0/90/0]s lay-up were 
manufactured using the same process described in Section 3.2. Each specimen included 
a 10 × 10 mm double FEP patch at its centre, between layers 8 and 9 (from the bottom). 
As depicted in Figure 16, all specimens included a pair of PZTs. In specimen 1, the 
transmitter PZT was placed between the same layers as the patch whereas the receiver 
PZT between layers 4 and 5. In specimen 2, both PZTs were placed at the same level as 
the patch. Both specimens included a glass fibre layer over the sensor for the electrical 
insulation of each PZT. Finally, in specimen 3 both transducers were bonded to the 
material surface using a conventional super glue (Loctite GO2 gel). The propagation of 
elastic waves through the material was expected to excite and vibrate the debonded layers 
(under clapping and rubbing motion) associated with the LDR effect, thus leading to the 
generation of new waves that could be detected as higher harmonics of excitation signal. 
As previously mentioned, the second harmonic was here used as the elastic signature for 






Figure 16: Composite specimens used in NEWS experiment with embedded PZTs (a) and their lay-up (b). 
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4.2 Experimental Procedure 
A continuous periodic signal generated from an arbitrary waveform generator (TTi 
TGA12104) was sent to the transmitter PZT through a voltage amplifier (Falco Systems 
WMA-300) with a 50× amplification factor. The receiver PZT was connected to an 
oscilloscope (PicoScope 4423) and both the time domain and the frequency domain of 
the received signals were monitored at a sampling frequency of 350 kHz with an 
acquisition time of 2 ms (Figure 17). Initially, a frequency sweep was performed to 
identify the input frequency associated with the crack. The LDR frequency was found to 
be at 15 kHz. Hence, to achieve higher excitation of the debonded layers (at the patch 
location), a continuous signal at the input frequency of 15 kHz was transmitted. Different 
input voltages at 75 V, 87.5 V, 100 V, 112.5 V and 125 V were here tested. The material 
response was scanned using a Laser Doppler Vibrometer in order to verify that the 
frequency of 15 kHz was indeed associated with the damage location (i.e. with location 
of the FEP patch). For an input PZT signal of 100 V at 15 kHz, the out-of-plane 
vibrational velocity at 30kHz (second harmonic of input frequency) was measured on the 
surface of specimen 1. A three-dimensional plot of the results around the patch area is 
presented in Figure 18a and Figure 18b, which reveal that the area at which the vibrational 
velocity was higher matched the position of the FEP patch. From Figure 18a and Figure 
18b, it can also be seen that the higher harmonic second response (i.e. the red zone) was 
also similar to the size of the patch (around 10 × 10 mm). These measurements proved 
that second harmonic generation caused by the LDR effect of the debonded layers 
occurred uniquely at the damage location and not elsewhere. 
 
 
Figure 17: Illustration of set-up used in NEWS experiment. 







Figure 18: Illustration of the damaged area scanned by the laser Doppler vibrometer (a) and 3D 
representation of the out-of-plane vibrational velocity on the specimen 1 surface at the second harmonic 
frequency of 30 kHz. 
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4.3 Results and Discussion 
The proposed technique for electrical insulation of the embedded PZTs with glass fibre 
layers was proved to be successful because the transmission and reception of signals was 
achieved in both specimens 1 and 2 without the formation of short-circuits. For the case 
of input signal of 100 V, the amplitude of the received signals in the time domain and the 
frequency domain are shown in Figure 19. The presence of 𝐴2 harmonic verified that 
in-plane delamination in CFRP laminates could be detected using the proposed 
configuration of embedded PZTs. The amplitude at 𝐴2 harmonic corresponding to the 
embedded PZTs (specimens 1 and 2) was an order of magnitude higher relative to that of 
surface bonded PZTs (specimen 3) indicating higher sensitivity to internal damage 
detection. This could be explained by considering the attenuation (energy loss) of the 
waves propagating through each specimen. The propagation distance from the transmitter 
to the receiver PZT as well as the distance from the damage location to the receiver PZT 
was shorter in specimens 1 and 2 relative to specimen 3 Consequently, the attenuation of 
waves was lower in both specimens with embedded PZTs resulting in a higher 𝐴2 
amplitude. 
For a more accurate comparison between the two specimens with embedded PZTs, 
the 𝛽 = 𝐴2 𝐴1
2⁄  ratio was calculated using the results from the case of input signal of 
100V (Table 7). As explained in Section 2, the parameter 𝛽 is proportional to the material 
degradation. By assuming that the damage size was very similar in all specimens, any 
variation in parameter 𝛽 between the specimens would indicate a variation in damage 
sensitivity. The configuration of PZTs in specimen 2 was found to be more sensitive to 
damage detection (𝛽 = 0.00065) relative to that in specimen 1 (𝛽 = 0.00042). This was 
reasonable based on the attenuation of waves explained above. The same ratio was also 
calculated for specimen 3. As expected, that was significantly lower (𝛽 = 0.00023) than 
the other two indicating that the surface-bonded PZTs were less sensitive to damage 
detection than the embedded PZTs. The observations described above were also valid for 
the remaining four cases of input voltage. In fact, by increasing the voltage from 75 V to 
125 V, the signal amplitude of both the 𝐴1 and the 𝐴2 terms increased. In all cases, 𝛽 was 
approximately two to three times higher for the embedded PZTs. Between specimens 1 
and 2, the sensitivity was always higher in specimen 2. The results are summarised in 
Table 7. 






Figure 19: Amplitude of the received signal in time domain (a) and its associated spectrum (b) - case of 
100V input signal at 15 kHz. 
 







A2 Amp.  
(mV) 
Parameter 




1 15.733 0.209 0.00084 
2 11.358 0.185 0.00143 




1 18.485 0.226 0.00066 
2 14.087 0.196 0.00099 




1 23.786 0.235 0.00042 
2 17.899 0.207 0.00065 




1 27.626 0.243 0.00032 
2 20.456 0.218 0.00052 




1 30.961 0.259 0.00027 
2 23.058 0.230 0.00043 
3 17.132 0.041 0.00014 
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5 Conclusions 
In this paper a novel material processing technique for the electrical insulation of circular 
PZTs inserted between the plies of CFRP laminates was proposed. The top (conductive) 
surface of the embedded PZT was covered with a layer of E-glass fibre fabric. The effect 
of this embedding technique on the interlaminar properties of CFRP laminates was 
studied both numerically and experimentally, and it was compared with the effect of the 
conventional embedding technique using Kapton layers. 
Specifically, short-beam and long-beam three-point bending tests, and compression 
tests were performed to determine the interlaminar shear strength, flexural strength and 
compressive strength of CFRP laminates with embedded PZTs and a layer of woven E-
Glass fabric (G-specimens). Similarly, plain CFRP laminates (P-specimens) as well as 
CFRP laminates with embedded PZTs and a Kapton layer (K-specimens) were subject to 
the same tests. By analysing the results with a one-way ANOVA it was found that the 
mean values of compressive, flexural and interlaminar shear strength of G-specimens 
were all equal to those of P-specimens (0.41 < 𝑝 < 0.58), suggesting that the proposed 
insulation technique had no impact on the mechanical properties of the CFRP laminates. 
The corresponding strength values in the case of K-specimens were all confirmed to be 
significantly lower (0.0001 < 𝑝 < 0.05) than those of P-specimens. 
In addition, a comparative post-test fractographic analysis showed that in the bending 
tests, the mean damage size in G- and K-specimens was similar to the damage size in P-
specimens (0.37 < 𝑝 < 0.87). Only the damage opening in short-beam K-specimens was 
significantly bigger from that in P-specimens (𝑝 = 0.03). However, the remaining damage 
length and opening values were more similar between P-and G-specimens (0.45 < 𝑝 < 
0.87) than between P-and K-specimens (0.37 < 𝑝 < 0.79). In compression tests, the 
brooming failure in P- and G-specimens was very similar suggesting that their behaviour 
under compressive loading was almost identical, whereas K-specimens failed by through-
thickness shear followed by significant delamination at PZT plane. 
Finally, NEWS experiments on CFRP laminates with artificial in-plane delamination 
proved the effectiveness of glass fibre layers in protecting the PZTs from being short-
circuited, and also demonstrated the ability of detecting internal damage using embedded 
PZTs and nonlinear ultrasound. The sensitivity of embedded PZTs to damage detection 
based on the effect of second harmonic generation was around two times higher than that 
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of conventionally surface-bonded PZTs. In conclusion, this study can be considered as a 
contribution towards the development of composite materials with integrated sensing 
capabilities for ultrasonic SHM of aerospace structures. However, there are additional 
aspects to be studied in the future such as the effect of the proposed embedding technique 
on the fatigue endurance of composites and the ability of embedded arrays of PZTs with 
glass fibre layers to estimate the size and location of damage. 
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Nonlinear Ultrasonic Detection of Damage in Smart 
CFRP Composites 
 
The inspection process of spacecraft structures can benefit from the use of smart CFRP 
laminates, not only for the ultrasonic detection of manufacturing flaws, but mainly for the 
identification of impact damage from orbital debris particles which usually need to be 
examined by the astronauts during lengthy and difficult extravehicular inspections. Also, 
as previously mentioned, the use of internal networks of sensors offers an additional level 
of protection to the SHM systems from the extreme conditions of space. 
The publication (Paper II) presented in this chapter explored the suitability of the 
embedded PZT transducers introduced in Chapter 3 for nonlinear ultrasonic detection of 
two types of damage with different size in CFRP plates. In fact, pairs of embedded sensors 
were used for the transmission and reception of ultrasonic waves in damaged CFRP 
plates. One plate was “artificially” damaged (AD-laminate) at two locations using 
embedded polymeric patches of different size. This created delamination at a single 
interface between the composite layers, similar to the defects caused by manufacturing 
errors (e.g. inclusions, dust spots or grease). A separate plate was originally damaged with 
an impact of certain energy (ID-laminate), and the damage size was later increased with 
a second impact of higher energy. This type of damage is characterised by delamination, 
broken fibres and cracked matrix at multiple interfaces through the thickness of the 
material, as in the case of real impact events. 
Damage identification was successfully demonstrated with ultrasonic NEWS 
experiments. Initially, this was achieved using the method of second harmonic generation 
under the propagation of single-frequency waves. Then, the existence of damage was 
confirmed based on the effect of nonlinear modulation of waves transmitted at two 
different frequencies. In both cases of NEWS experiments, the acoustic response acquired 
from the AD- and ID-plates plates was studied against the response recorded on an 
undamaged plate (UD-laminate). This verified the generation of nonlinear phenomena 
when defects are presented.
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In addition, the excitation of the damaged layers inside the material due to their interaction 
with the propagating ultrasonic waves was confirmed with a separate set of tests. 
Specifically, the out-of-plane vibrational velocity of the material at the top surface of the 
laminates was measured with the use of a laser Doppler vibrometer. These measurements 
revealed that the vibrational velocity at the location of damage was higher relative to the 
surrounding area, and it was found to increase with increasing voltage of the transmitted 
signals. 
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Abstract 
Carbon fibre reinforced plastic (CFRP) composites used in spacecraft structures are 
susceptible to delamination, debonding and fibre-cracking that may arise during 
manufacturing, assembly or in-service operations (e.g. caused by debris impacts in near-
Earth orbital spaceflights). Therefore, in-situ and real-time health monitoring is necessary 
to avoid time-consuming and unsafe visual inspections performed either on-ground or 
during extra vehicular activities. In this paper, a recently created “smart” CFRP composite 
structure with embedded piezoelectric (PZT) transducers was used to detect multiple 
areas of artificial delamination and real impact damage of different size using nonlinear 
ultrasound. The electrical insulation of embedded PZTs was achieved by interlaying a dry 
layer of woven glass fibre fabric between the sensor and the CFRP plies before curing. 
Damage detection was successfully demonstrated using both second harmonic generation 
and nonlinear modulation (sidebands) of the measured ultrasonic spectrum. The material 
nonlinear response at the second harmonic and sidebands frequencies was also measured 
with a laser Doppler vibrometer to validate the nonlinear ultrasonic tests and provide 
damage localisation. Experimental results revealed that the proposed configuration of 
embedded PZTs can be utilised for on-board ultrasonic inspection of spacecraft 
composite parts. 
  
4. Nonlinear Ultrasonic Detection of Damage in Smart CFRP Composites 
71 
1 Introduction 
Modern spacecraft structures are made of carbon fibre reinforced plastic (CFRP) 
composites because of their advantages over metals including high strength-to-weight 
ratio, fatigue performance, design flexibility and corrosion resistance [1]. CFRP material, 
for example, offers increased ballistic protection over aluminium when used as the inner 
wall in dual-wall spacecraft shields [2, 3]. Nevertheless, one of the major problems of 
CFRP is the susceptibility to damage such as micro-cracks and delamination, which may 
arise during manufacturing, assembly or in-service operations. In-service defects, in 
particular, are caused by hypervelocity impacts from micrometeoroids and orbital debris 
(MMOD) in the near-Earth environment [4, 5]. Because of the high orbital speed of debris 
objects (~10 km/s), even sub-millimetre particles can cause severe damage to the 
spacecraft [6]. Hence, there is a need to provide real-time and in-situ monitoring of 
material defects at any stage of satellite’s component life cycle, especially for the 
International Space Station and future manned space missions. 
Visual inspection is currently the most common technique for inspecting spacecraft 
components. It relies on the skills and experience of specialised technicians on-ground or 
astronauts during in-service extravehicular activities [7]. In the last few decades, material 
defect identification has also been achieved using a number of different non-destructive 
evaluation (NDE) methods such as those related to linear ultrasonic wave propagation [8, 
9], acoustic emission [10-12], thermography [13, 14] and X-ray scanning [15, 16]. 
Among NDE methods, ultrasonic technology has the advantage to be simply converted 
into structural health monitoring (SHM) systems by integrating acoustic/ultrasonic 
piezoelectric transducers on the monitored component [17]. Therefore, ultrasonic SHM 
technology can be used for in-service monitoring of spacecraft structures and it is the 
focus of this research work. Nonlinear ultrasound, commonly known in the ultrasonic 
scientific community as nonlinear elastic wave spectroscopy (NEWS) techniques, is a 
family of ultrasonic inspection methods that have shown higher sensitivity to the 
detection and localisation of damage (material flaws and micro-cracks) at the early stages 
of formation than linear ultrasound [18-20]. NEWS methods can rely on higher harmonic 
generation [21-26], time reversal [27-29], wave modulation [30-35], phase modulation 
[36], local defect resonance [37-39], imaging of nonlinear scatters [40-41] and shift in 
resonance frequency characteristics [42-45]. 
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Previous researchers [17, 46-48], reported damage detection in composite materials by 
applying NEWS techniques using externally mounted piezoelectric lead zirconate titanate 
(PZT) transducers. For spacecraft applications though, there is a strong demand for 
composite structures with integrated PZTs in order to (i) provide information about 
micro-cracks during on-ground and in-service ultrasonic monitoring, and (ii) protect the 
sensors from being directly exposed to the harsh space environment. According to the 
literature [49-52], both CFRP and glass fibre reinforced plastic (GFRP) composites can 
include PZTs between the material layers, thus creating “smart” composite structures. 
However, the integration of PZTs in CFRP composites requires electrical insulation of 
the transducers from the conductive carbon fibres to avoid short circuits. In previous 
studies [50-52], insulation was achieved by covering the embedded PZTs with layers of 
polyimide (Kapton) films. However, the embodiment of polymeric films such as Kapton 
and Teflon between the composite plies is a typical method for constraining ply adhesion 
and causing artificial delamination [53]. Consequently, the structural integrity of the 
composite can be significantly affected by the use of polymeric films. 
An innovative material processing technique for the electrical insulation of 
embedded PZTs in CFRP plates was proposed by the authors in a recent study [54]. In 
particular, a dry layer of woven E-glass fibre fabric was inserted between the conductive 
surface of the PZTs and the CFRP plies before curing process. This “smart” CFRP 
composite was subject to mechanical tests including compression, long-beam and short-
beam three-point bending tests. An analysis of variance (ANOVA) was conducted on the 
experimental results and proved that the mean values of compressive, flexural and 
interlaminar shear strength were equal to the means of plain CFRP specimens. In addition, 
preliminary NEWS experiments were carried out on the “smart” CFRP composite 
containing “artificial” delamination simulated by double Teflon patches. The 
experimental results revealed that the sensitivity to damage based on the amplitude (𝐴2) 
of second harmonic generation was nearly twice as high as the sensitivity of surface-
bonded PZTs. 
The aim of this paper is to further examine the capability of the “smart” CFRP 
composite with embedded PZTs to detect multiple areas of damage with various 
dimensions and defect nature. For this scope, NEWS experiments were conducted on two 
damaged CFRP laminates; one plate with two “artificial” delamination defects (i.e. 
polymeric film patches) and one plate with real impact flaws. Artificial damage is 
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generally characterised by debonding at a single interface (in-plane delamination) 
similarly to delamination caused by manufacturing errors [55]. Impacts, on the other 
hand, usually generate debonding, fibre breakage and matrix cracking at multiple 
interfaces in the form of through-thickness damage within the laminate [56]. In the first 
part of this paper, defect detection was accomplished based on the second harmonic 
generation method, whereas in the second part damage identification was achieved using 
the nonlinear wave modulation technique (see Section 2). In both experimental parts, 
damage detection at the chosen wave propagation frequency was investigated by scanning 
the plate surface with a laser Doppler vibrometer (LV) and recording the out-of-plane 
vibrational velocity surrounding the damage location. 
The layout of the paper is as follows. In Section 2, the second harmonic generation 
and the nonlinear wave modulation methods are explained. In Section 3, the manufacture 
and the damage assessment of CFRP plates along with the NEWS and the LV experiments 
are outlined. In Section 4, the results from the NEWS and the LV tests are presented. In 
Section 5, the conclusions of this paper are discussed.  
 
2 Theory 
2.1 Second Harmonic Generation 
As it is explained by Melchor et al. [57], the propagation of elastic waves at specific 
frequencies (single-frequency excitation) through composite materials with cracked 
matrix, debonded fibres or delaminated plies forces the damaged layers to either oscillate 
(“clapping” motion) or move relative to each other (“rubbing” motion). This leads to the 
generation of nonlinear wave effects that can be detected in the form of higher harmonics 
(even and odd multiples) of the input signal frequency [58]. In particular, second 
harmonic generation has been reported as the most efficient NEWS feature for damage 
identification [59, 60]. This can be explained by considering the second order nonlinear 
stress-strain relationship (from Hooke’s law) 
 𝜎 = 𝐸 +
𝛦𝛽
2
2          (1) 









 ,         (2) 
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where 𝐸 is the Young’s modulus, =
𝜕𝑢(𝑥,𝑡)
𝜕𝑥
 is the strain, 𝛽 is the second order nonlinear 
coefficient (parameter), 𝜌 is the material density, 𝑢(𝑥, 𝑡) is the displacement [61]. By 













),     (3) 
where 𝑐 = √𝐸/𝜌 is the longitudinal wave speed. Equation (3) can be then solved using a 
first-order perturbation method, which has the general solution 
        𝑢(𝑥, 𝑡) = 𝑢(1)(𝑥, 𝑡) + 𝑢(2)(𝑥, 𝑡),       (4) 
with 𝑢(1) ≫ 𝑢(2). Both linear, 𝑢(1)(𝑥, 𝑡), and nonlinear, 𝑢(2)(𝑥, 𝑡), terms can be rewritten 
as 






𝑥 cos[2(𝑘𝑥 − 2𝜋𝑓𝑡)],    (5) 






𝑥 is the 
amplitude of the second harmonic wave associated with the nonlinear material behaviour, 
𝑥 is the wave propagation distance within the material and 𝑘 is the wave number [61]. 
 
2.2 Nonlinear Wave Modulation 
In the case of multiple-frequency excitation of damaged composite materials, further 
nonlinear wave effects are generated due to the interaction of the propagating waves with 
the damage. When a damaged material is excited using two continuous periodic waves, 
one with a low frequency (𝑓1) and one with a high frequency (𝑓2), the damage behaves as 
a multiplier and mixer of the two excitation frequencies. The amplitude of the high 
frequency wave is modulated by the low frequency one and, in addition to higher 
harmonics, intermodulation products (sidebands) can be generated in the frequency 
spectrum of the received signal at frequencies equal to 𝑓2 ± 𝑛𝑓1, where 𝑛 is a positive 
integer [62]. Undamaged (intact) materials are, instead, characterised by a linear response 
as the elastic waves are not interacting with any damage. Therefore, only the fundamental 
frequencies (𝑓1 and 𝑓2) are detectable in the frequency domain of the received signal [63]. 
Nonlinear wave modulation method has also been proved to be effective for defect 
detection [31-34]. Similarly to the second harmonic generation, equation (3) can be 
solved with dual periodic excitation using the first-order perturbation method, and the 
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amplitudes 𝐴+ and 𝐴− associated to each sideband 𝑓+ = 𝑓2 + 𝑓1 and 𝑓− = 𝑓2 − 𝑓1 can be 














𝑥        (7) 
where 𝐴𝑓1 and 𝐴𝑓2 are the amplitudes and 𝑘𝑓1and 𝑘𝑓2 are the wave numbers of the 




3.1 Manufacture of CFRP Plates 
A total of three carbon/epoxy (T800/M21) laminates with dimensions of 180 × 140 × 3.5 
mm were used in the experiments of this study. The laminates were made from 
unidirectional prepreg layers with a [90/0/90/0/90/0]s lay-up, and they were cured 
in an autoclave for 180 minutes at a pressure of 0.7 MPa and a temperature of 150°C with 
a ramp rate of 3°C/min. As illustrated in Figure 1, all three plates included two embedded 
PZTs (ferroelectric soft piezo material PIC 255) of 6 mm diameter and 0.3mm thickness, 
for the propagation of ultrasonic elastic waves. A 10 × 10 mm layer of woven E-glass 
fibre fabric was also interlaid between the top surface of the PZTs and the CFRP plies, 
for electrical insulation. The PZTs were directly placed between the 8th and the 9th layers 
from the bottom. The thin wires from to the positive and negative electrodes of the PZTs 
were connected to 50 Ω straight Bayonet Neill-Concelman (BNC) plugs through low 
noise cables (RG174/U). The wires were directed outside the top surface of the plate 
through small slits in the fibre direction of every CFRP ply (i.e. without cutting any 
fibres). 
 
3.2 Damage Assessment and Sensor Functionality 
The first laminate (Figure 1) was kept intact and used as the reference plate. The second 
laminate (Figure 2a) included two double-layered patches of different size to cause 
controlled artificial in-plane delamination. Each patch consisted of two square layers of 
12 μm thick Fluorinated Ethylene Propylene (FEP) film stacked one on top of the other. 
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The FEP patches were inserted at the same plane of the PZTs (between layers 8 and 9 
from the bottom). The third plate (Figure 2b) was impacted at its centre with a 
hemispherical indentor of 20 mm diameter. The damage was initially created with an 
impact energy of 10 J and, once the experimental detection was completed, the damage 
size was increased with another impact of higher energy (15 J). In the following 
paragraphs, the first plate is referred to as the undamaged (UD) laminate, and the second 







Figure 1: Design of undamaged CFRP plate - top view (a) and stacking sequence (b). Dimensions in mm. 




Figure 2: Design of artificially damaged plate (a) and impact damaged plate (b). Dimensions in mm. Not 
to scale. 
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It must be noted that the capacitance of the PZTs was measured with the use of a Keithley 
2110 5 1/2 multimeter before their embedment in the composite plates, after the curing 
process of the plates, and after impacting the ID-laminate. In all cases, the capacitance 
was the same (1.54±0.02 nF) suggesting that the PZTs were functional. This is a typical 
sensor inspection method in literature [65, 66]. In fact, any noticeable drop in capacitance 
would indicate cracking or depoling of the transducer from either the high curing pressure 
and temperature or the applied impact load. 
Prior to performing any experiment, the size of the damage in AD- and ID- plates 
was evaluated by conducting stepped linear C-scans using a phased array system 
(Diagnostic Sonar Ltd) equipped with a 5 MHz probe containing 128 elements. More 
specifically, the C-scans were carried out in steps of 12 elements (single cycle pulse, 
element pitch of 0.52 mm) and the damage was assessed based on the signal amplitude. 
The front face of the probe included a 30 mm acrylic (Perspex) delay line and coupling 
was achieved using ultrasonic gel. As shown in Figure 3 and Figure 4, the areas at which 
delamination was detected matched the positions of the double FEP patches and the 
impact damage. In the AD-plate, the two defects had a similar size to that of the double 
FEP patches. In the ID-plate, the initial damage diameter (10 J impact) was approximately 
18 mm, and the final diameter (15 J impact) was around 32 mm. 
 
 
Figure 3: Ultrasonic C-scan of the small (a) and the big (b) artificial damage in AD-laminate and the 
associated B-scans (c), (d) - Images not to scale. 
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Figure 4: Ultrasonic C-scan of the 10 J (a) and the 15 J (b) impact damage in ID-laminate and the 
associated B-scans (c), (d) - Images not to scale. 
 
3.3 Experimental Set-up and Method 
3.3.1 NEWS Experiments 
Starting from the NEWS experiments based on the second harmonic generation method, 
in each CFRP plate PZT1 was used for the transmission and PZT2 for the reception of 
continuous periodic ultrasonic signals (i.e. single-frequency excitation). As illustrated in 
Figure 5 below, the input signal was generated from an arbitrary waveform generator (TTi 
TGA12104) and its amplitude was increased using a voltage amplifier (Falco Systems 
WMA-300). The received signal was monitored in the time and frequency domains at a 




Figure 5: Illustration of the set-up used in NEWS experiments. 
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Initially, in the AD- and ID-laminates the input signal frequency of PZT1 was swept 
between 20 and 500 kHz to determine the two frequencies corresponding to the highest 
𝐴2 amplitudes of the received signal. In the case of the AD-plate, the two chosen 
frequencies were very likely to be associated with the excitation of the two FEP patches, 
whereas for the ID-plate, the chosen frequencies were related to the excitation of the 
damage caused initially with 10 J, and then with 15 J of impact energy. At these four 
frequencies, the amplitude of the fundamental (𝐴1) and 𝐴2 harmonics was recorded for 
input signal voltages of 60, 70, 80, 90 and 100 V. It must be noted that the chosen input 
signal frequencies would not necessarily correspond to the highest 𝐴1 amplitude as this 
is highly dependent on the excitation of the PZT1 and the tested material. For 
clarification, Table 1 summaries the input frequencies and voltages used with the PZT1. 
The UD-plate was also excited at the same four frequencies and its ultrasonic response 
was compared to the damaged samples. 
 










excitation freq.  
(kHz)  
AD 20-500 60, 70, 80, 90, 100 f1=104.5, 184.7 
ID 20-500 60, 70, 80, 90, 100 f1=128, 310 
 
For the NEWS experiments associated with the nonlinear wave modulation technique, 
both embedded PZTs were used to excite the ID- and UD-laminates (i.e. multiple-
frequency excitation). In each plate, PZT1 was used to send ultrasonic waves at low 
frequency (𝑓1) whereas PZT2 enabled high frequency (𝑓2) transmission. According to 
Figure 5, PZT1 was connected to a channel of the waveform generator through the Falco 
Systems WMA-300 amplifier and PZT2 was powered by a separate channel through an 
ISI-SYS HVA-B100-2 amplifier. The propagating waves were received using an external 
acoustic transducer (McWade 300 kHz NS3303) connected to the oscilloscope. In the ID-
plate, PZT1 was swept between 10-50 kHz and the 𝑓1 values associated with the five 
highest peaks of the received signal amplitude were recorded. For every 𝑓1 value, PZT2 
was swept between 100-300 kHz and the frequency spectrum of the received signal was 
examined in order to determine the combination of 𝑓1 and 𝑓2 which results in the strongest 
wave modulation, based on the amplitude of the sidebands. By keeping the input voltage 
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to PZT2 constant at 50 V and increasing the input voltage to PZT1 from 60 to 100 V in 
steps of 10 V, the received signal amplitude was recorded at 𝑓1, 𝑓2 and 𝑓2 ± 𝑓1 
frequencies. A summary of the input signal frequencies and voltages to the PZT1 and 
PZT2 in the ID-plate is provided in Table 2, together with the frequencies found to cause 
damage excitation. The UD-plate was also subject to multiple-frequency excitation using 
the chosen 𝑓1 and 𝑓2 frequencies. 
 
















excitation freq.  
 (kHz)  




3.3.2 LV Experiments 
In both NEWS experiments with second harmonic and sidebands generation, a series of 
LV experiments were performed to examine whether the generation of second harmonics 
and the presence of sidebands at the chosen input signal frequencies was actually 
attributed to the damage excitation. As shown in Figure 6, ultrasonic waves were 
transmitted from the same PZTs as described in Section 3.3.1, using the same 
configuration of arbitrary waveform channels and amplifiers. Second harmonic 
generation in the AD- and ID-plate was studied by measuring the out-of-plane vibrational 
velocity of the plate surface at 𝐴1 and 𝐴2 frequencies, using the LV scanning head 
(Polytec PSV-400). The input signal voltage applied to PZT1 was fixed at 300 V. 
Similarly, nonlinear wave modulation in the ID-plate was investigated by applying input 
voltages of 100 V and 300 V to the PZT1 and PZT2 respectively, and recording the 
vibrational velocity of the plate surface at 𝑓1, 𝑓2 and 𝑓2 ± 𝑓1 frequencies. 
 
4. Nonlinear Ultrasonic Detection of Damage in Smart CFRP Composites 
81 
 
Figure 6: Illustration of the set-up used in LV experiments. 
 
4 Results and Discussion 
4.1 Second Harmonic Generation Experiments 
As explained in Section 3.3.1, by sweeping the frequency of PZT1 in the AD-plate from 
20 to 500 kHz, the two highest 𝐴2 amplitudes were observed at 104.5 kHz and 184.7 kHz 
frequencies. Hence, these two were considered as the frequencies causing the strongest 
excitation of the two FEP patches. Similarly, in the ID-plate, the two input signal 
frequencies related to the excitation of the 10 J and the 15 J impact damage were chosen 
at 310 kHz and 128 kHz, respectively, based on the 𝐴2 amplitude. After exciting the UD-
laminate at these four frequencies, 𝐴2 harmonics were not found in the frequency 
spectrum, thus verifying that the plate was intact. An example is presented in Figure 7.  
 
 
Figure 7: Frequency spectrum of the received signal in the UD-laminate and in the AD-laminate - Input 
signal of 60 V at 184.7 kHz. 
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Additionally, the 𝐴1 amplitude in the case of the UD-plate was always greater than in the 
damaged laminates. That was expected as in the damaged laminates part of the 
transmitted wave energy was transferred from the fundamental input wave to the 
nonlinear harmonic one. Moreover, as can be seen in Figure 8 and Figure 9, the results 
obtained from the AD- and ID-plates indicated that by increasing the input voltage to 
PZT1 from 60 to 100 V, the received signal amplitude at 𝐴1 and 𝐴2 frequencies was also 
rising. The 𝐴2 amplitude was around two orders of magnitude smaller than the 𝐴1 
amplitude, in both plates. 
 
(a) (b) 
Figure 8: Amplitude of the received signal in AD-laminate at the fundamental (a) and second (b) harmonic 
frequencies - Input signals of 60, 70, 80, 90, and 100 V at 104.5 and 184.7 kHz. 
 
(a) (b) 
Figure 9: Amplitude of the received signal in ID-laminate at the fundamental (a) and second (b) harmonic 
frequencies - Input signals of 60, 70, 80, 90, and 100 V at 128 and 310 kHz.  
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Furthermore, three-dimensional plots of the results obtained from the LV experiments on 
AD- and ID-laminates (Figure 10 and Figure 11) confirmed that the out-of-plane 
vibrational velocity was always higher at the location of the impact. The 𝐴2 amplitude 
was about an order of magnitude smaller than the 𝐴1 amplitude. The LV experiments on 
the AD-laminate showed that the input signal at 104.5 kHz caused excitation only to the 
big FEP patch and, at 184.7 kHz, only to the small FEP patch. Similarly, the 10 J impact 
damage in the ID-laminate was only excited at 310 kHz, and after the second impact of 
15 J only at 128 kHz. This verified the correct selection of damage excitation frequencies. 
 
 
Figure 10: 3D representation of the out-of-plane vibrational velocity around the location of the small (a) 
and the big (b) artificial damage at the fundamental and second harmonic frequencies. 
 
 
Figure 11: 3D representation of the out-of-plane vibrational velocity around the location of the 10 J (a) and 
the 15 J (b) impact damage at the fundamental and second harmonic frequencies. 
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4.2 Nonlinear Wave Modulation Experiment 
According to the process described in Section 3.3.1 and based on the amplitude of the 
sidebands in the ultrasonic response of the ID-plate, the effect of nonlinear wave 
modulation was evaluated by transmitting periodic waves from PZT1 at 𝑓1=18 kHz and 
from PZT2 at 𝑓2=192 kHz. The UD-laminate was also subject to multiple-frequency using 
the same 𝑓1 and 𝑓2 frequencies. For an input voltage of 60 V applied to PZT1 and 50 V 
applied to PZT2, the received signal amplitude at 18 kHz and 192 kHz was lower in the 
case of the ID-plate (Figure 12). As previously explained, that was reasonable because an 
amount of the input wave energy was transferred from the 𝑓1 and 𝑓2 signals to the 
sidebands. In addition, first-order sidebands were only presented in the spectrum of the 
ID-laminate at 174 kHz (𝑓− = 𝑓2 − 𝑓1) and 210 kHz (𝑓+ = 𝑓2 + 𝑓1), and this confirmed 
its nonlinear response under wave modulation. Also, in the ID-plate, by increasing the 
input voltage to PZT1 from 60 to 100 V and keeping the input voltage to PZT2 constant 
at 50 V, the amplitude of the 𝑓1 harmonic and the two sidebands increased proportionally 
by around 70%, whereas the amplitude of 𝑓2 harmonic remained almost constant (Figure 
13). This verified that the existence of sidebands was attributed to the wave modulation 
by the 𝑓1 signal. For all five values of the input voltage, the amplitude of sidebands was 
three orders of magnitude smaller than the amplitude of 𝑓2 harmonic and one order of 
magnitude smaller than the amplitude of 𝑓1 harmonic. The amplitude of the right sideband 
𝑓+ was on average 27% greater than the left one 𝑓−.  
Regarding to the LV experiments, the three-dimensional plots of the results 
illustrated in Figure 14 proved that the out-of-plane vibrational velocity at 𝑓1, 𝑓2, 𝑓+ and 
𝑓− was always higher at the impact location. These results were in agreement with the 
results from the NEWS experiments with respect to the amplitude difference between the 
sidebands and the 𝑓1, 𝑓2 harmonics. Particularly, the amplitude of the right sideband, 𝑓+, 
was around 30% greater than the amplitude of the left one, 𝑓−. Moreover, the amplitude 
of both sidebands was two orders of magnitude smaller than the amplitude of the 𝑓2 
harmonic and one order of magnitude smaller than the amplitude of the 𝑓1 harmonic. 
Hence, the LV experiments confirmed that the detection of intermodulation products was 
associated with the nonlinear elastic behaviour of the damaged plate. 
 






Figure 12: Amplitude of the received signal in the UD-laminate and the ID-laminate at f1 (a) and at f2 and 
f2 ± f1 (b) - Input signal voltage to PZT2 = 50 V and to PZT1 = 60 V. 
 
   (a)    (b) 
Figure 13: Amplitude of the received signal in the ID-laminate at f1 & f2 (a) and at f2 ± f1 (b) - Input signal 
voltage to PZT2 = 50 V and to PZT1 = 60, 70, 80, 90 and 100 V. 
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Figure 14: 3D representation of the out-of-plane vibrational velocity at the location of the impact damage 
at f1,  f2 and  f2 ± f1. 
 
5 Conclusions 
The aim of this study was to demonstrate the damage detection capabilities of directly 
embedded PZTs in CFRP composites with nonlinear ultrasound. PZTs were electrically 
insulated using a novel embedding technique in which the conductive surface of each 
transducer was covered by a single layer of woven E-glass fibre fabric. The ultrasonic 
response of CFRP plates with areas of artificial (polymeric film patches) and real (impact) 
damage of different size was compared with the response of an intact plate, using pairs 
of embedded PZTs. 
In the first part of experiments, one PZT was used as the transmitter and the other as 
the receiver of ultrasonic elastic waves. Excitation of each damage type (artificial and 
impact) was achieved at a different input signal frequency. This was detected based on 
the generation of 𝐴2 harmonics in the frequency spectrum of the received signal, and the 
amplitude of these harmonics was found to increase with increasing input signal voltage. 
Furthermore, by using an LV, the out-of-plane vibration velocity of the laminate 
surface was also recorded at 𝐴1 and 𝐴2 frequencies and found to be greater at the damage 
location. In the second experimental part, nonlinear wave modulation was employed for 
defect detection. The undamaged and impacted plates were excited by ultrasonic waves 
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transmitted from both PZTs at different frequencies (𝑓1 and 𝑓2). An external transducer 
was used as the receiver. The nonlinear response of the impacted laminate was verified 
by the presence of first-order sidebands (𝑓+ = 𝑓2 + 𝑓1 and 𝑓− = 𝑓2 − 𝑓1) in the frequency 
spectrum of the received signal, and the amplitude of sidebands was increasing with rising 
input voltage at 𝑓1. Again, by scanning the material response at 𝑓1, 𝑓2, 𝑓+ and 𝑓− 
frequencies with the LV, the out-of-plane vibrational velocity of the laminate surface was 
confirmed higher at the impact location. 
The experimental results revealed that multiple damage locations of different size in 
composite laminates were successfully detected. Moreover, it was demonstrated that 
these embedded PZTs were capable of detecting in-plane delamination which is usually 
related to manufacturing errors, but also through-thickness damage (multi-layer fibre and 
matrix cracking) that commonly occur after impacts. Therefore, it is concluded that the 
proposed configuration of embedded PZTs has the potential to be used for the 
development of “smart” composite structures to enable in-situ and real-time ultrasonic 
inspection of satellite components. Future challenges are to implement optimal signal 
transmission/reception and data storage strategies for real satellite operations in order to 
make the proposed NEWS technology with embedded PZT transducers compliant with 
other spacecraft sub-systems. 
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Tensile-Mode Fatigue of Smart CFRP Composites and 
Nonlinear Ultrasonic Monitoring of Damage 
 
In the research article (Paper III) of this chapter, the “smart” CFRP laminates proposed 
in Chapter 3 and Chapter 4 were subject to static and cyclic tensile tests to investigate the 
effect of the embedded PZT transducers on the mechanical performance of the laminates. 
In addition, this study investigated the durability of the transducers under repeated 
loading, and their capability to monitor the evolution of damage in the material. 
In particular, tensile and fatigue tests were performed using both pristine and impact 
damaged CFRP specimens containing a pair of glass fibre insulated sensors (G-
specimens). These tests were also completed using undamaged and impacted plain 
samples (P-specimens), which experienced the same type of failure as G-specimens. A 
statistical comparison of the results suggested that the G-specimens and P-specimens 
failed on average at the same tensile stress and extension, as well as the same number of 
fatigue cycles. This was valid for both cases of undamaged and damaged samples. The 
transducers in some of the impacted G-specimens were used to conduct nonlinear 
ultrasonic experiments at regular steps of fatigue cycles, and at every step the 
functionality of the sensors was inspected by measuring their electrical capacitance. The 
level of material nonlinearities was quantified based on the value of 𝐴2 𝐴1
2⁄  ratio (i.e. 
relative parameter 𝛽) from the ultrasonic response recorded by the sensors. The results 
verified that the transducers remained functional for the biggest part of the fatigue life of 
the samples, and the value of 𝛽 was found to increase with increasing number of fatigue 
cycles proving that the growth of impact damage could be monitored with these internal 
sensors. 
The “Statement of Authorship” form and Paper III are provided on the following 
pages. The publication presented in this chapter was the last part of the thesis related to 
the development of “smart” CFRP laminates. However, it should be mentioned that 
another research contribution has been the use of the proposed configuration of embedded  
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PZT disks in two collaboration studies which confirmed the suitability of this solution for 
different SHM applications [198, 199]. In fact, these two studies showed for the first time 
that the so-called time reversal (TR) method could be applied with embedded transducers. 
The studies also verified that the design of “smart” CFRP composites could be used in 
SHM systems requiring the localisation of low or high energy impacts, or even the 
determination of the velocity and direction of the impacting particle. A brief explanation 
of each study is provided below, before moving to Paper III. 
In the first study, De Simone et al. created a system named Smart Composite Orbital 
Debris Detector (SCODD), as a proof-of-concept for the characterisation of impact events 
on spacecraft components from orbital debris particles [198]. According to Figure 1a, the 
design consisted of two thin parallel CFRP laminates fastened securely one on top of the 
other. Each laminate included three such internal sensors surrounding the monitored area 
inside which calibration impacts (baseline data) were originally recorded at the nodes of 
a square grid (Figure 1b). The SCODD was proved capable of estimating the locations at 
which the particle penetrated the two plates by processing the acoustic signals captured 
by the sensors during the impact, using the TR method. In addition, the direction of the 
propagating particle was determined from the estimated impact positions. Moreover, the 
particle velocity was calculated using the previously measured speed of waves in the 
plates and the time delay in signal capturing between the sensors sharing the same 





Figure 1: Illustration of the SCODD system (a) and the arrangement of sensors around the impact 
monitoring grid (b) [198]. 
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In the second study, Coles et al. developed a new topological algorithm named Minimum 
Average (MA) to enable more reliable and precise localisation of impacts on composite 
plates when using the TR method [199]. Application of the MA method was demonstrated 
on CFRP plates instrumented with four embedded PTZ disks (Figure 2a) using the 
suggested layout with glass fibre insulation. The MA algorithm aimed at detecting with 
enhanced accuracy the position of impact within the chosen cell on the monitoring grid 
(Figure 2b), especially for impacts occurring at points other than the centre of the cell. 
This would also help in minimising the localisation error in cases where the cell 
determined by the TR method is next to the actual cell of impact, because the MA method 
would shift the estimated impact point inside the chosen cell towards the actual cell. The 
effectiveness of MA method was experimentally tested on intact CFRP plates and plates 
with permanent damage, and the results showed accurate localisation of both single and 





Figure 2: Illustration of the set-up used to test the MA method (a) and the arrangement of sensors around 
the impact monitoring grid (b) [199]. 
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Abstract 
Ultrasonic systems based on “smart” composite structures with embedded sensor 
networks can reduce both inspection time and costs of aircraft components during 
maintenance or in-service. This paper assessed the tensile strength and fatigue endurance 
of carbon fibre reinforced plastic (CFRP) laminates with embedded piezoelectric (PZT) 
transducers, which were covered with glass fibre patches for electrical insulation. This 
sensor layout was proposed and tested by the authors in recent studies, proving its 
suitability for nonlinear ultrasonic detection of material damage without compromising 
the compressive, flexural or interlaminar shear strength of the “smart” CFRP composite. 
In this work, CFRP samples including PZTs (G-specimens) were tested against plain 
samples (P-specimens), and their mean values of tensile strength and fatigue cycles to 
failure were found to be statistically the same (910MPa and 713,000 cycles) using the 
one-way analysis of variance method. The same tests on P- and G-specimens with barely 
visible impact damage (BVID) showed that the corresponding group means were also the 
same (865MPa and 675,000 cycles). Nonlinear ultrasonic experiments on impacted G-
samples demonstrated that embedded PZTs could monitor the growth of BVID during 
fatigue testing, for a minimum of 480,000 cycles. This was achieved by calculating an 
increase of nearly two orders of magnitude in the ratio of second-to-fundamental 
harmonic amplitude. Finally, PZT transducers were confirmed functional under cyclic 
loading up to ~70% of sample’s life, since their capacitance remained constant during 
ultrasonic testing.  
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1 Introduction 
A large percentage (~50%) of metal components that were traditionally used in aerospace 
structures has been replaced with fibre reinforced plastic (FRP) composite materials [1, 
2]. The reason is the high strength and stiffness, low weight, corrosion resistance and 
fatigue performance that FRP materials exhibit, enabling the development of structures 
with advanced durability and safety [3]. Carbon fibre reinforced plastic (CFRP) is the 
most commonly used composite material as it offers the best balance of the above 
properties. However, the biggest drawback of CFRP parts is that, unlike metallic 
components, they can sustain internal damage due to impact events with nearly invisible 
marks on their surface, known as barely visible impact damage (BVID) [4]. Normally, 
BVID from bird strikes, hailstorms and tool drops is characterised by delamination, 
matrix micro-cracking and fibre failure [5]. These material flaws tend to evolve with high 
rates under operating dynamic stresses and, thus, safety regulations in aviation require 
frequent inspections of composite structures [6]. These inspections can result in time 
delays and high costs, especially when the aircrafts must be set out of service for visual 
examination or scanning using various non-destructive evaluation (NDE) techniques. 
Examples of NDE inspection include methods relying on ultrasonic wave 
propagation [7, 8], acoustic emission [9, 10], electromagnetic radiation [11, 12], thermal 
imaging [13, 14] and shearography [15, 16]. Although NDE methods are effective in 
detecting material damage, they are not ideal for in-service inspection due to size and 
weight limitations [17]. As an alternative, the fabrication of “smart” composites with 
incorporated networks of piezoelectric lead zirconate titanate (PZT) sensors has gained 
considerable attention because it enables the conversion of ultrasonic NDE techniques 
into structural health monitoring (SHM) systems for in-flight inspection of aerospace 
structures [18]. Ultrasonic methods relying on the examination of the nonlinear features 
exhibited in the material response have been proved more sensitive and effective in the 
detection of micro-cracks than linear ultrasonic techniques [19-22]. Nonlinear effects 
such as (a) higher harmonic and sub-harmonic generation [23-28], (b) wave modulation 
[29-33] and (c) nonlinear resonance [34-37] can be generated in the material spectrum 
due to clapping and/or frictional movement of the crack surfaces caused by their 
interaction with propagating waves. Among these phenomena, higher harmonic 
generation and, particularly, second harmonic generation, is widely considered an 
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indication of damage existence. With this method, the level of material nonlinearity can 
be quantified based on the second-order elastic coefficient known as the parameter 𝛽, 
which is proportional to the ratio of second-to-fundamental harmonic amplitude [38]. 
This ratio has already been found to increase with growing damage size [39-41]. 
In regard to the fabrication of “smart” CFRP composites for ultrasonic SMH 
monitoring, many studies focused on the use of internally rather than externally bonded 
PZT transducers, in order to eliminate the need for expensive and heavy sensor shielding, 
and to minimise sensor wear from exposure to harsh environmental conditions [42-46]. 
On the other hand, PZTs inside CFRP composites must have insulated electrodes to 
prevent direct contact with carbon fibres. The usual practice in literature involves 
separation of the sensor from the composite plies using polymeric layers such as Kapton 
film, but this can lead to inappropriate ply adhesion and eventually delamination with 
serious effects on the structural integrity of the material [19, 47, 48].  
In a previous study from the authors [49], a novel material processing method was 
proposed for the electrical insulation of PZT disks that were directly inserted between the 
layers of CFRP plates. This method relied on covering the top conductive side of the PZTs 
with single-layer patches of dry E-glass fibre fabric to avoid contact with carbon fibres. 
The “smart” CFRP composite was subject to monotonic (static) mechanical testing 
including short-beam and long-beam three-point bending tests, and compression tests. 
The mean values of interlaminar shear, flexural and compressive strength were found to 
be equal to the means of plain CFRP composites. Although these results were promising, 
one of the main requirements for “smart” SHM composites is their durability under 
dynamic loading conditions, which can progressively damage the sensors and their 
interconnections. Available studies on CFRP composites with internal PZTs examined 
the functionality of sensors during fatigue testing by recording the change in output 
voltage or signal amplitude [50-53]. However, the monitoring of damage evolution with 
increasing number of fatigue cycles was not accomplished, and this is one of the main 
areas of interest of this paper. 
In particular, this study focused on the assessment of (i) the mechanical performance 
of the “smart” CFRP composite under cyclic loading, and (ii) the capability of the 
embedded PZTs to monitor the increase in damage size with repeated loading based on 
nonlinear ultrasonic testing. To achieve these two objectives, impact damaged CFRP 
samples containing pairs of glass fibre insulated PZTs (G-specimens) were subject to 
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tension-tension fatigue testing, and their endurance was compared with that of plain 
samples (P-specimens). The design of the test samples is shown in Figure 3. Static tensile 
testing was also required as part of the fatigue testing procedure, for the determination of 
the material strength. That was an opportunity to study the tensile strength of the G-
specimens against that of P-specimens. In relation to the nonlinear ultrasonic 
experiments, the PZTs inside the G-specimens were used for the propagation of elastic 
waves through the material, and the calculation of the nonlinear parameter 𝛽 at different 
stages of fatigue testing. 
 
 
Figure 3: Illustration of P-specimen (a) and G-specimen (b) used in this study. 
 
2 Second-Order Acoustic Nonlinearity Parameter 
Tight cracks with contact surfaces inside composite plates can interact with propagating 
ultrasonic waves. The compressive part of the waves tends to close the crack interface 
whereas the tensile part to open it. Hence, cracks behave as half-wave rectifiers allowing 
only the compressive part of the wave field to propagate through. This means that the 
material stiffness at the damage location is higher in compression and lower in tension, 
and this asymmetry changes the local stress-strain relationship into nonlinear [54]. The 
contact (“clapping”) between the crack surfaces can generate new waves of twice the 
frequency of the incident waves, which are detectable in the form of even higher 
harmonics. Conversely, the friction between the crack surfaces due to slipping 
(“rubbing”) motion changes the local stiffness symmetrically, leading to the generation 
of odd higher harmonics [54]. Nevertheless, in literature, the detection of second-order 
frequency harmonics has been broadly associated with the presence of defects [55, 56], 
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as it allows direct calculation of the material nonlinearity. Briefly, the elastodynamic 
wave equation describing the propagation of one-dimensional longitudinal waves in the 













),     (1) 
where 𝑢(𝑥, 𝑡) and 𝑐 are the displacement and speed of waves respectively, and parameter 
𝛽 is an elastic coefficient describing the second-order material nonlinearities. By solving 
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In equation (2), 𝐴1 and 𝐴2 are equal to the wave amplitude at the fundamental and second 
harmonic frequencies, 𝑥 is the wave propagation distance inside the material and 𝑘 is the 
wave number. Considering that 𝑥 and 𝑘 are constants, the nonlinear parameter 𝛽 becomes 




2 .          (3) 
In general, as material damage grows with repeated loading, a drop in 𝐴1 amplitude and 
a rise in 𝐴2 amplitude is expected due to acoustic energy transfer from 𝐴1 to 𝐴2. 
Therefore, for impact damaged composite plates subject to fatigue testing, the value of 𝛽 
is expected to increase with increasing number of cycles. In fact, it has already been 
shown experimentally that there is a strong correlation between fatigue damage and 𝛽 
[58-62]. 
3 Experimentation 
3.1 Fabrication of Test Samples 
Likewise previous studies from the authors [49, 63], the composite specimens were 
manufactured using twelve unidirectional prepreg layers (Hexcel T800/M21) that were 
laid by hand in [0/90/0/90/0/90]s orientation. The in-plane size of samples was 260 
× 20 mm with a nominal thickness of 3 mm. Aluminium end-tabs (50 × 20 × 1.5 mm) 
were bonded to these samples using a two-part epoxy adhesive (Araldite 420 A/B), as 
shown in Figure 4. The specimens were divided into two groups. The first group was that 
of plain CFRP samples, here called P-specimens. The second one included CFRP samples 
with pairs of embedded PIC 255 piezoelectric disks (6 mm diameter × 0.3 mm thick) 
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each of which was covered with a dry fabric layer of E-glass fibres (10 × 10 mm × 0.1 
mm) for electrical insulation. These samples are referred to as the G-specimens in this 
paper. The PZTs with the glass fibre layers were symmetrically placed 85 mm away from 
the specimen ends (Figure 4), at the interface between the 4th and the 5th plies (above the 
middle plane). Each of the four CFRP plies above the sensor interface included short and 
narrow openings in the fibre direction (i.e. no fibre cutting) through which the positive 
and negative wires of the PZTs were directed outside the top surface of the plates. The 
wire ends were attached to low-noise cables (RG174/U) with BNC plugs (50 Ω).  
 
 
Figure 4: Design of test specimens. 
 
3.2 Impact Damaging of Test Samples 
Composite specimens were initially impacted at their centre using a testing machine 
configuring a 2.66 kg drop mass with a hemispherical tip of 20 mm diameter. Multiple 
impacts of different energy were performed on spare samples for the determination of the 
energy level required to cause BVID to the material. The energy was controlled by 
adjusting the drop height accordingly, and the material damage was examined through 
stepped linear C-scanning using an ultrasonic imaging system (from Diagnostic Sonar 
Ltd) equipped with a phased array transducer (5 MHZ, 128 elements). As can be seen in 
Figure 5, an impact energy of 3 J was high enough to introduce delamination and matrix 
cracking into the CFRP samples without any visible breakage of fibres. Hence, for 
consistency, all of the test samples with BVID used in the tensile and fatigue tests of this 
work were impacted with 3 J using the same testing facility and clamping layout. 
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                                (a) 
 
                                (b) 
 
                                (c) 
 
                                (d) 
 
Figure 5: BVID on top (b) and bottom (c) specimen surfaces from 3 J impact, and the associated C-scan 
(c) and B-scan (d). 
 
3.3 Tensile and Fatigue Tests 
Prior to performing fatigue tests, the ultimate tensile strength (UTS) of the P-specimens 
was calculated and compared with that of the G-specimens. In accordance with ASTM D 
3039/D 3039M standard [64], five undamaged samples of each group were tensile loaded 
on a 100 kN servo-hydraulic Instron 1342 testing frame, at a displacement rate of 1 
mm/min. Since all samples failed at a very similar maximum load of around 60kN, the 
UTS of P- and G-samples with BVID was then determined by tensile testing three 
samples of each type.  
After completing the tensile tests, five P- and five G-specimens with BVID were used 
to perform tension-tension fatigue tests based on the ASTM D3479/D 3479M standard 
[65], using the same 100kN servo-hydraulic testing machine. In these tests, the samples 
were subject to sinusoidal waveform loading of constant amplitude (4.5 to 45 kN) with a 
cyclic frequency of 5 Hz. The lower and upper load limits corresponded to the 7.5% and 
75% of the maximum tensile load of undamaged samples (~60 kN) as mentioned in the 
previous paragraph. Finally, three P-samples and three G-samples without damage were 
also fatigue tested within the same stress limits, to compare their endurance when starting 
from the pristine condition. 
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3.4 Functionality of Embedded Transducers 
It is important to note that damaging of the embedded PZTs (e.g. cracking) due to cycling 
loading, or sensor depoling due to curing conditions (e.g. high pressure and temperature) 
would affect the performance of transducers during the ultrasonic tests for damage 
monitoring. In such case, part of the change in parameter 𝛽 would be related to sensor 
malfunction. Therefore, the capacitance of the PZTs inside the G-specimens was 
measured using a digital multimeter (Keithley 2110 5 1/2) before starting the fatigue tests, 
and after completing each interval of 120 thousand cycles. This is a common practice in 
literature for confirming the functionality of PZTs before using them for data acquisition 
[53, 66, 67]. In fact, any noticeable decrease in capacitance would indicate possible sensor 
damaging. 
 
3.5 Nonlinear Ultrasonic Monitoring of Damage Evolution 
Nonlinear ultrasonic tests were conducted on three impact-damaged G-specimens subject 
to fatigue testing. The aim was to demonstrate that the growth of BVID with increasing 
number of loading cycles could be monitored using the embedded PZTs. This was 
achieved by removing all three G-specimens from the Instron testing machine every 120 
thousand cycles, and by recording their acoustic response using the set-up presented in 
Figure 6. In particular, the transmitter PZT was excited with a continuous sinusoidal 
signal of constant amplitude (100 V) using a waveform generator (TTi TGA12104) in 
series with an amplifier (Falco Systems WMA-300). The second PZT was connected to 
an oscilloscope (PicoScope 4424) for acquisition of the propagating waves at a sampling 
rate of 10 MHz and a time window of 2 ms. At first, the frequency of the driving 
waveform was swept in the range of 80-600 kHz in steps of 20-50 kHz. Then, for every 
input frequency, the amplitude of 𝐴1 and 𝐴2 harmonics was obtained from the average 
frequency spectrum of the received signal, without using any band-pass filters. This 
allowed the calculation of the nonlinear parameter 𝛽 (∝ 𝐴2 𝐴1
2⁄ ) across the range of 80-
600 kHz, during fatigue testing. An example of the acoustic response of one G-specimen 
after completing the first 120,000 loading cycles is illustrated in Figure 7. 
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Figure 6: Illustration of the set-up used in the nonlinear ultrasonic experiments. 
 
 
Figure 7: Received signal amplitude in frequency spectrum of G-specimen after 120k fatigue cycles - case 
of 100 V input signal between 200-250 kHz. 
 
4 Results and Discussion 
4.1 Tensile and Fatigue Testing Results 
In tensile tests, the P- and G-specimens (both intact and impacted) failed by lateral 
through-thickness shear at the centre of their un-tabbed length (impact location), as shown 
in Figure 8 and Figure 9. Considering that the tabbed sections of the samples were free of 
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damage, this type of failure was acceptable according to the ASTM D 3039/D 3039M 
standard. This indicated that in each case of initial sample state (undamaged or impacted), 
the failure behaviour under static tensile loading was the same between the P-specimens 
the G-specimens, using the proposed layout of embedded sensors. 
The composite samples used in tension-tension fatigue tests experienced explosive 
failure at the impact location without any damage in the end-tabs of the specimen. With 
reference to the ASTM D3479/D 3479M standard, this failure mode was valid. As it is 
shown in Figure 10 and Figure 11, there was not any noticeable difference between the 
two specimen groups (P- and G-specimens). This proved that the evolution of material 
damage in the G-samples was not affected by the presence of the internal transducers, and 










Figure 8: Tensile failure of specimens without BVID. Top view (a) and side view (b) of P-specimen, and 










Figure 9: Tensile failure of specimens with BVID. Top view (a) and side view (b) of P-specimen, and top 
view (c) and side view (d) of G-specimen.  










Figure 10: Tension-tension fatigue failure of specimens without BVID. Top view (a) and side view (b) of 










Figure 11: Tension-tension fatigue failure of specimens with BVID. Top view (a) and side view (b) of P-
specimen, and top view (c) and side view (d) of G-specimen. 
 
The results from the tensile and fatigue tests were subject to a standard one-way analysis 
of variance (ANOVA) method using Matlab. This technique enabled to determine 
statistically whether the mean values of the specimen groups were significantly different 
between the undamaged P- and G-samples and between the impacted P- and G-samples. 
In addition, ANOVA was chosen for consistency purposes, as it has already been used in 
a previous study of the authors to analyse the results from compressive, flexural and 
interlaminar shear tests on the same “smart” composite samples [49]. In this analysis, the 
null hypothesis (𝐻0) was that the group means were the same whereas the alternative 
hypothesis (𝐻𝐴) was that the means were different, with a significance level (𝛼) of 0.1 
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(i.e. 90% confidence level). In general, the 𝐹-value (or 𝐹-statistic) in one-way ANOVA 





which is expected to be equal or close to 1 if 𝐻0 is valid. Also, 𝐹-value is characterised 
by an 𝐹 distribution with 𝑘-1 numerator degrees of freedom and 𝑛-𝑘 denominator degrees 
of freedom, where 𝑘 is the number of groups and 𝑛 is the total number of values from all 
𝑘 groups. From the cumulative distribution function of the 𝐹 distribution, ANOVA 
calculates the probability (𝑝-value) that the 𝐹-value can exceed the computed test-
statistic. The null hypothesis is rejected for 𝑝-values less than 𝛼 (𝑝 < 0.1) indicating that 
the group means are significantly different. Inversely, for 𝑝 > 0.1 the null hypothesis is 
accepted. Based on the above, the mechanical testing results along with the 𝐹- and 𝑝-
values are summarised in Table 1.  
Starting from the tensile tests, the pristine P- and G-specimens failed on average at a 
maximum stress of 910 MPa and a maximum extension of 1.81 mm. The ANOVA 
confirmed that the two specimen groups had the same means of ultimate tensile strength 
(𝑝=0.57) and maximum extension (𝑝=0.83). In the case of impact-damaged P- and G-
samples, failure occurred at an average stress of 865 MPa and an average extension of 
1.72 mm. Again, the ANOVA outcome suggested that the samples with and without PZTs 
had equal values of tensile strength and extension, i.e. 𝑝=0.41 and 𝑝=0.70, respectively. 
It must be mentioned that the extension results referred to the total extension of the system 
and not the elongation of the sample, because the Instron readings included the stretching 
of the machine grips and the aluminium end-tabs. Nevertheless, the extension results were 
reported as an additional parameter for comparison, and they certainly showed high 
consistency between the two specimen groups. 
About the tension-tension fatigue tests, the number of cycles to failure for the P- and 
G-specimens without impact damage was about 713,000, and the group means were 
considered the same based on the 𝑝-value of 0.55. Similarly, the maximum number of 
loading cycles for the impacted P- and G-samples was nearly 675,000, without any 
significant difference between the group means (𝑝=0.64). The results from these 
mechanical tests revealed that the presented configuration of embedded PZTs had no 
effect on the strength or the endurance of the “smart” CFRP composite when subject to 
static or dynamic tensile loading conditions. 
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Ult. Strength (MPa) a 916.8 (36.2) 903.4 (31.1) 871.2 (34.4) 859.5 (38.9) 
F-value 0.35 0.86 
p-value 0.57 0.41 
Max. Extension (mm) a 1.82 (0.11) 1.79 (0.15) 1.73 (0.14) 1.71 (0.10) 
F-value 0.05 0.16 
p-value 0.83 0.70 
Fatigue 
Cycles to failure (×103) a 720 (30.4) 705 (25.4) 683 (58) 667 (46) 
F-value 0.43 0.23 
p-value 0.55 0.64 
a Standard deviation in brackets 
 
4.2 Functionality of Embedded Transducers 
As previously mentioned in paragraph 3.4, the capacitance of the embedded transducers 
in three G-specimens was measured at the pristine and impacted state of the samples, and 
then at 120, 240, 360 and 480 thousand cycles of fatigue testing. Capacitance 
measurements and nonlinear ultrasonic experiments were not conducted beyond 480,000 
cycles as the test specimens were severely damaged. The results for both the transmitting 
and the receiving PZTs were summarised in Figure 12a and Figure 12b respectively, 
indicating that the capacitance was 1.54 ± 0.02 nF at all different states of composite 
samples. This suggested that PZT transducers remained functional at least up to 480,000 
cycles, which is nearly 70% of the fatigue life of undamaged composite samples used in 
this study. In addition, these capacitance measurements verified that the data from the 
ultrasonic experiments described in Section 3.5, were acquired using undamaged sensors. 
  






Figure 12: Capacitance of transmitting (a) and receiving (b) sensors in G-specimens.  
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4.3 Nonlinear Ultrasonic Testing Results 
The above G-specimens were used in nonlinear ultrasonic experiments following the 
procedure explained in Section 3.5. After examining the received signal spectrum in each 
test sample, the highest amplitude of 𝐴2 harmonics corresponded to an input frequency 
range of 200-220 kHz. That was reasonable since the 200-220 kHz range was close to the 
radial resonance frequency of the PZT transducers (~300 kHz), meaning that the energy 
of propagating waves should be relatively high. By plotting the value of parameter 𝛽 (∝
𝐴2 𝐴1
2⁄ ) across that range, it showed that the material damage was excited strongly at the 
driving frequency of around 210 kHz. According to Figure 13 below, the value of 𝛽 in all 
three cases was found to increase from the pristine to the impacted state of samples and, 
then, every 120,000 loading cycles. This behaviour of 𝛽 was expected because the 
material damage was also increasing. 
For clarification, the peak value of 𝛽 was plotted at each state of the G-specimens 
(Figure 14), showing a consistent increase from about 0.07 × 10−3 to 3 × 10−3. It is 
worth noting that 𝛽 was not equal to zero at the pristine state of the samples, because low-
amplitude 𝐴2 harmonics were present in the received signal spectrum. This could possibly 
be attributed to instrumentation noise, since the initial value of 𝛽 was almost identical in 
all three G-specimens. Moreover, it must be noted that high repeatability was observed 
in the increase of 𝛽 (~0.2 × 10−3) between the pristine and the impacted state, and that 
was reasonable considering that the test specimens were initially damaged using the same 
impact energy of 3 J. From the impacted state and up to 480,000 cycles, the rising trend 
of 𝛽 contained small fluctuations, but that was also expected because the shape and size 
of damage in composite laminates could not change linearly and uniformly as in isotropic 
materials (e.g. metals). 
The above results proved that except for BVID detection, this novel arrangement of 
internal PZT disks was capable of monitoring the growth of material damage for more 
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Figure 13: Change in nonlinear parameter β with increasing number of fatigue cycles for G-specimen 1 
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Figure 14: Peak value of nonlinear parameter β at each state of G-specimens 1, 2 and 3 during fatigue 
testing - Input signal of 100V at ~210 kHz. 
 
5 Conclusions 
This study assessed the tensile strength and the fatigue endurance of a recently developed 
design of “smart” CFRP composite plates containing internal PZT transducers that were 
covered with glass fibre patches for electrical insulation. Specifically, CFRP samples with 
two embedded sensors (G-specimens) were tested against plain samples (P-specimens). 
The tests were performed using undamaged specimens of each group, as well as 
specimens with BVID caused from low energy (3 J) impacts. The ultimate tensile strength 
of the P- and G-specimens was similar in both tests; ~910 MPa for undamaged samples 
and ~865 MPa for impact damaged samples. Based on these values, the specimens of 
each group with and without damage were subject to tension-tension fatigue testing at a 
stress level ranging from about 8 to 80% of the associated material strength. Again, the 
P- and G-samples failed on average at the same number of cycles, which was around 
713,000 for the pristine samples and 675,000 for the damaged samples. The test data 
obtained from P-specimens were statistically compared to those of G-specimens using a 
standard one-way ANOVA. This analysis indicated that the pristine P- and G-samples 
had equal mean values of maximum tensile strength (𝑝=0.57), maximum extension 
(𝑝=0.83) and fatigue cycles to failure (𝑝=0.55). The same outcome applied to the case of 
impact damaged samples and the corresponding 𝑝-values were 0.41, 0.70, and 0.64. These 
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results suggested that the proposed configuration of internal PZT disks had not reduced 
the tensile strength or the fatigue endurance of the “smart” CFRP composite. In addition, 
the failure mode of the tensile test samples was central through-thickness shear, whereas 
in the fatigue test samples experienced central explosive failure. It must be noted that the 
failure type in both tests was the same between the undamaged P- and G-specimens and 
between the impacted P-and G-specimens. This revealed that the damage propagation in 
G-samples had not changed by the existence of internal sensors. 
Moreover, during fatigue testing, nonlinear ultrasonic experiments were conducted 
on three impacted G-samples, to examine the ability of the internal sensors to monitor the 
evolution of BVID with increasing number of loading cycles. These experiments were 
performed before and after impacting the G-samples, and then every 120,000 cycles. In 
each specimen, one PZT was used for the transmission of elastic waves ranging from 80 
kHz to 600 kHz, and the nonlinear parameter 𝛽 was calculated from the 𝐴1 and 𝐴2 
amplitudes received by the second PZT. The data acquired at a driving frequency of 210 
kHz showed that between the pristine and the impacted state of the samples, 𝛽 raised by 
approximately 0.2 × 10−3, and then continued to increase (up to ~3 × 10−3) until the 
samples completed a total of 480 thousand fatigue cycles. After that point, nonlinear 
ultrasonic testing stopped because the composites were severely damaged. The change in 
parameter 𝛽 was very similar between the tested G-specimens proving that the specific 
arrangement of embedded PZT disks could not only be used for the detection of BVID in 
CFRP composites, but it was also capable of monitoring the increase in damage size. 
Finally, at all stages of ultrasonic data acquisition up to 480,000 cycles, the capacitance 
of the sensors was about 1.54 nF verifying that the PZT transducers remained functional 
for at least 70% of the specimen’s life. 
The above results suggest that future solutions for on-board ultrasonic inspections of 
aerospace structures could possibly rely on SHM systems consisting of composite panels 
with embedded PZT transducers, similar to the “smart” CFRP composite design presented 
in this work. 
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A Nonlinear Ultrasonic Method for In-Plane 
Localisation of Impact Damage 
 
The publication (Paper IV) outlined in the following pages of this chapter refers to the 
second research area of this PhD, about the development of an efficient SHM algorithm 
for nonlinear ultrasonic inspection of composite laminates using a surface-mounted 
network of sensors. The aim for this algorithm was to enable detection of the location of 
impact damage without any previous knowledge of the material properties such as the 
wave velocity in different directions, and without the need for calculations involving the 
use of baseline data. 
In this study, the proposed SHM method was applied through eight piezoelectric 
transducers arranged in a circle, and the recording of ultrasonic data was completed by 
transmitting and receiving waves in the forward and backward directions of the paths 
connecting the transducers. Initially, the transmission-reception process was performed 
using ultrasonic signals of sweeping frequency, and the algorithm verified the 
functionality of the transducers with comparisons between the ultrasonic signals acquired 
only in the paths around the periphery of the array. This ensured reliable inspection of the 
sensors because the level of similarity between the signals captured in the outer paths 
should not be seriously affected by the existence of BVID within the monitored region. 
After confirming the functionality of the sensors, the average frequency spectrum of 
all captured signals was plotted, and the frequency (𝑓𝑆) corresponding to the maximum 
amplitude was identified. The energy of waves propagating through the material was 
expected to be higher at 𝑓𝑆, resulting in stronger excitation of the damaged layers. Hence, 
the recording of ultrasonic data in all paths was repeated by transmitting ultrasonic waves 
only at the chosen 𝑓𝑆. Next, the frequency domain of the signal recorded in each path was 
used for the evaluation of the relative acoustic nonlinearity parameter 𝛽 (i.e. ratio of 
𝐴2 𝐴1
2⁄ ). In general, the magnitude of 𝛽 should be considerably higher in the paths 
crossing the damaged zone than in other paths further away from the damage. Therefore,
6. A Nonlinear Ultrasonic Method for In-Plane Localisation of Impact Damage 
118 
a map displaying the amplitude of acoustic nonlinearity within the inspected area was 
plotted by adding up the obtained values of 𝛽, and the location of maximum amplitude 
was expected to match the position of the damage. In fact, this SHM method offered 
accurate localisation of BVID on three random CFRP panels with different dimensions 
and unspecified layer orientation. The capability of identifying a faulty sensor was also 
shown on one of the composite panels. 
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Abstract 
Structural health monitoring techniques (SHM) for material damage identification have 
demonstrated higher sensitivity and accuracy when relying on the assessment of nonlinear 
features exhibited in the material response under ultrasonic wave propagation. In this 
paper, a novel nonlinear ultrasonic SHM method is introduced for the localisation of 
impact damage in composite laminates using an array of surface-bonded sensors. Unlike 
existing algorithms, this method enables quick selection of a suitable signal transmission 
frequency based on the combined sensor-material response, it does not rely on baseline 
data or complex measurements of signal arrival time, and it allows identification of 
malfunctioning sensors to minimise damage localisation errors. The proposed technique 
is based on the transmission and reception of ultrasonic waves through the inspected 
panel. Initially, the functionality of the transducers is inspected by comparing the signal 
amplitude in both directions of sensor-to-sensor paths. Then a planar map of material 
nonlinearity parameter 𝛽 is created, and the damage position is defined as the point of 
highest 𝛽 amplitude. Experimental tests on three CFRP panels confirmed successful 
positioning of barely visible impact damage (BVID) within a range of 4-22 mm. Sensor 
functionality check was demonstrated on one of the composite laminates, and a 
malfunctioning transducer was detected. The results suggested that the presented method 
could be considered an improved alternative to existing SHM techniques for localisation 
of BVID in composite panels.  
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1 Introduction 
Structural health monitoring (SHM) is a general term for the processes aiming at the 
detection of material defects or damage using various types of sensing systems, in order 
to assess the condition and performance of engineering structures [1]. Examples of SHM 
methods include those based on the evaluation of thermal gradients [2-5], Eddy currents 
[6-8], vibrations [9-11] and acousto-ultrasonic wave propagation [12-16]. Except for 
civil, automotive and marine applications, SHM is widely used in aerospace industry 
mainly because of the high percentage of composite materials incorporated into aircraft 
structures [17]. Layered composite parts, particularly those made from carbon fibre 
reinforced plastic (CFRP) layers, have a number of advantages over traditional metal 
parts. They are strong, stiff and lightweight with great fatigue performance and corrosion 
resistance [17]. On the other hand, composite laminates may exhibit reduction of their 
mechanical properties at localised areas where damage is present beneath the surface, in 
the form of delamination or debonding [18]. This type of damage is not always attributed 
to manufacturing errors such as fibre misalignment, matrix voids or trapped moisture 
[18]. In fact, it can also occur from in-service impacts with low-velocity objects, leaving 
shallow surface dents that are hardly detectable under visual inspection [18]. Barely 
visible impact damage (BVID) can have serious effects on the integrity of the structure, 
especially if the damage size grows due to operating stresses, vibrations and temperature 
differentials [19]. Therefore, reliable SHM methods for on-board identification of damage 
in composite structures such as aircraft wing skins and fuselage panels is of utmost 
importance. Ultrasonic techniques (linear and nonlinear) are suitable due to the high 
damage sensitivity and long wave propagation distances they offer, but also because they 
can be implemented using lightweight piezoelectric transducers permanently attached or 
embedded into the structure [20]. 
Over the last years, many research studies focused on the development of ultrasonic 
SHM methods and algorithms. Some of them were based on phased array techniques [21-
27], which utilised compact sensor arrays to guide wave-beams in all directions within 
the material (similar to a radar), for interaction with possible defects that would result in 
wave reflection back to the source. This enabled the creation of two-dimensional cross-
sectional images of the inspected material. Another category of SHM methods is that of 
delay-and-sum beamforming [28-34], where the energy of scattered waves was delayed 
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and summed to form images of scatter locations, based on a delay law defined by the 
geometry of the specific application, as well as the propagation mode and group velocity 
of the waves. Moreover, other methods applied the concept of time-reversal [35-41]. 
Briefly, the signals generated from a source were captured in different paths within a 
sensor network, and the acquired waveforms are then focused on the source by reversing 
them in time and re-transmitting them backwards through the material. Any change 
between the two signals of the same path could be attributed to the presence of damage. 
Furthermore, probabilistic techniques such as the correlation-based algorithms [42, 43], 
the maximum-likelihood estimation methods [44, 45] and the reconstruction algorithm 
for probabilistic inspection of damage (RAPID) [46-52], relied on the comparison 
between the time-of-arrival or energy-of-arrival of signals in the forward and backward 
directions of each sensor path. Assuming a change to these signal characterises was due 
to defect presence, then the probability of damage existence at a certain point was based 
on the magnitude of signal difference coefficient (SDC). 
Although the methods mentioned above were proved capable of identifying and 
localising damage in composite materials, the majority of them was dependent on the 
evaluation of linear ultrasonic features [21-42, 44-48, 50, 52]. This may not be suitable 
for defect detection in the micro-scale, since impedance mismatch is not high enough to 
cause wave reflection or scattering. On the other hand, ultrasonic techniques relying on 
the measurement of nonlinear effects exhibited in the material response (e.g. higher 
harmonics and sub-harmonics) due to interaction of propagating waves with damaged 
interfaces offer higher sensitivity to micro-flaws [49, 51, 53, 54]. However, most of the 
aforementioned linear or nonlinear techniques [22-45, 51, 53], required estimation of 
wave velocity and arrival time, which can be very complex in composite structures. Also, 
in many of the above studies [23, 28, 30, 33-38, 40, 43-45, 48, 49, 52], there was lack of 
explanation about the choice of signal transmission frequency, which could be 
challenging for successful identification of damage. In addition, the effectiveness of most 
existing algorithms relied on (i) the changes in the acquired signals compared to baseline 
signals originally recorded at the undamaged state of the structure [22, 28-32, 34, 41, 43-
45, 47, 50], and (ii) the assumption that the transducers included in the array were all 
functional [20-54]. It is very unlikely though for a structure to be subject to future SHM 
under the same environmental and boundary conditions as the baseline, and also, sensor 
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networks are susceptible to damage (partial or total) due to corrosion, degradation or 
impacts. These two issues can introduce significant defect positioning errors. 
This paper focuses on the development of a novel nonlinear ultrasonic method for 
impact damage localisation, with the aim of addressing the above challenges. The 
proposed method is applied through an algorithm, and it is based on the transmission and 
reception of ultrasonic waves using a circular array of sensors coupled to the surface of 
the inspected panel. It enables quick determination of an appropriate signal transmission 
frequency based on the acoustic response of the material and the transducers. In addition, 
estimation of damage location does not involve complex calculations related to the time-
of-flight, velocity or time-reversal of propagating waves, and the accuracy of defect 
positioning does not rely on the acquisition of baseline signals (i.e. data obtained at the 
pristine state of the material). Moreover, this technique is capable of detecting faulty 
sensors, based on the correlation coefficient between the signals in the forward and 
backward directions of the paths located around the periphery of the senor network (ref. 
Section 3.1). Defect location is defined as the point (within the inspected area) 
corresponding to the maximum amplitude of material nonlinearity parameter 𝛽 (ref. 
Section 3.2). 
2 Nonlinear Parameter Beta 
Parameter 𝛽 is directly related to the effect of the second harmonic generation in the 
acoustic response of materials. In general, the waves propagating inside a material can 
interact and excite cracked interfaces and debonded layers [55]. The frictional (rubbing) 
or out-of-plane (clapping) excitation at the region of damage can give rise to waves of 
higher frequency. In particular, these waves have frequencies that are odd and even 
multiples of the original signal frequency, and thus they can be identified as higher 
harmonics in the frequency domain of the captured signal [56]. One-dimensional plane 
waves moving in a single direction (x-direction) inside the material can be expressed by 













) ,     (1) 
where 𝑢(𝑥, 𝑡) denotes the wave displacement, 𝑐 represents the wave velocity and 𝛽 is a 
pressure-volumetric nonlinear factor in the second order [57]. The second order 
perturbation solution of equation (1) is  
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 𝑢(𝑥, 𝑡) = 𝐴1 sin(𝑘𝑥 − 𝜔𝑡) − 𝐴2 cos[2(𝑘𝑥 − 𝜔𝑡)] ,     (2) 






𝑥 ,          (3) 
where 𝐴1 is the amplitude of the waves received at the fundamental harmonic frequency, 
𝐴2 is the amplitude of waves received at the second harmonic frequency related to the 
nonlinear material behaviour, 𝑥 is the distance of wave propagation, 𝜔 is the angular 






 .          (4) 
Assuming 𝐴2 amplitude is higher when the receiving transducer is closer to the damage 
location, due to lower attenuation of ultrasonic waves, then 𝛽 is also expected to be higher 
in the sensor-to-sensor paths near the damage. Hence, a map of 𝛽 magnitude across the 
inspected area can be created by calculating the 𝛽 values in all paths. 
 
3 Damage Localisation Method 
As illustrated in Figure 1, damage localisation was performed using a circular array of 
eight ultrasonic transducers containing piezoelectric lead zirconate titanate (PZT) disks 
with central frequency of 310 kHz (PI Ceramic PIC255-00004137). The sensors were 
coupled to the CFRP panels using water-based gel. 
 
3.1 Sensor Functionality Check 
In the initial part of the method, sensor functionality is checked to avoid taking into 
consideration additional ultrasonic nonlinearities arising from malfunctioning transducers 
instead of the acoustic response of the CFRP material. As shown in Figure 1, the 
transducers are inspected by assessing the propagation of ultrasonic waves in both 
directions of each path on the periphery of the inspected region (𝑑12, 𝑑21, 𝑑23, 𝑑32, etc.). 
The forward and backward directions between two sensors (e.g. sensors S1 and S2) have 
the same length and fibre orientation. Hence, signals in directions 𝑑12 and 𝑑21 must be 
almost identical if both sensors are operating normally and no damage exists in the path. 
This can be confirmed by calculating the Pearson product-moment correlation coefficient 
(𝑟) for the two time signals. This is a numerical measure of the strength (i.e. signal 
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amplitude) and direction of the linear relationship between two variables. The value of 𝑟 
ranges from −1 to +1, where ±1 indicates the strongest possible agreement and 0 the 
strongest possible disagreement [59]. 
At this point it must be noticed that the comparison between the forward and 
backward signals is a common technique for sensor inspection in literature. However, the 
way the sensor functionality check was carried out in this SHM method offers some 
advantages. Firstly, the waves propagating in the short outer paths are expected to have 
less interaction with possible material defects compared to the paths crossing through the 
inspected area. Hence, a change in the signal is more likely to indicate a malfunctioning 
sensor. In addition, each transducer is checked using the signals acquired only in the two 
paths connecting it to its adjacent sensors (on either side of it), making the process simpler 
and quicker. In fact, as illustrated in Figure 1, one value of 𝑟 is obtained for every pair of 
sensors (𝑟12, 𝑟23, etc.). A transducer is considered faulty, only if the two values of 𝑟 
associated with it are both evidently lower than 1. For example, if 𝑟12= 0.323, 𝑟23= 0.445 
and 𝑟34 to 𝑟81= 0.998, then there is probably an issue with S2. However, if 𝑟12= 0.997, 
𝑟23= 0.445 and 𝑟34 to 𝑟81= 0.998, then sensor S2 cannot be regarded faulty since 𝑟12 is 
almost equal to 1. This suggests that the effectiveness of sensor functionality check is not 
affected by the presence of damage in the peripheral paths, and this is another advantage. 
For composite plates with different material properties and lay-up, the magnitude of 𝑟 can 
vary. Therefore, the following calculation is used to determine what magnitude of 𝑟 is 
relatively low. At first, the mean and standard deviation (SD) of all 𝑟 values is calculated. 
Then the SD is subtracted from the mean, and the obtained value is set as a limit. Next, 
the mean of 𝑟 values being greater than the limit is re-calculated, and used as the final 
limit. Any 𝑟 values smaller than 95% of the final limit are assumed “low” and a value of 
0.5 is assigned to them. The remaining ones are assumed “high” and become equal to 1. 
By plotting the paths with values of either 0.5 or 1 helps to decide whether a transducer 
is malfunctioning. 
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Figure 1: Example of functionality check of sensor S2 based on the correlation coefficients r12 and r23 of 
the time signals in directions d12, d21 and d23, d32 respectively. 
 
3.2 Damage Localisation 
The second part of the method enables damage localisation in composite panels by 
examining the nonlinear ultrasonic response of the material. Every transducer on the array 
transmits an ultrasonic signal in turn, and the waves propagating inside the material are 
received by the remaining sensors. The input signal is initially swept from a low 
frequency (𝑓𝐿) to a high frequency (𝑓𝐻), where 𝑓𝐿 and 𝑓𝐻 are around 200 kHz above and 
below the central frequency of the transducers. Next, the average of all signals recorded 
in both directions of the sensor-to-sensor paths is plotted in the frequency spectrum. This 
allows the identification of the single frequency (𝑓𝑆) associated with the highest received 
signal amplitude. At 𝑓𝑆, stronger damage excitation is expected due to higher wave 
propagation energy. Hence, to achieve damage localisation, the transmission-reception 
process is performed using driving signals of 𝑓𝑆. The ultrasonic spectrum acquired from 
each pair of sensors is used to obtain the received signal amplitude (measured as voltage) 
at 𝑓𝑆 and 2𝑓𝑆 (i.e. 𝐴𝑓𝑠 and 𝐴2𝑓𝑠). According to the theory provided in Section 2, the 






 ,           (5) 
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where the subscripts 𝑖 and 𝑗 indicate the transmitting and receiving sensors, and 𝐿𝑖𝑗 is the 
distance between sensors 𝑖 and 𝑗 (i.e. path length). 
The path connecting each pair of transducers is then drawn as a flat in-plane ellipse 
(in x- and y-axes) with an out-of-plane amplitude (z-axis) equal to the corresponding 
value of 𝛽 (Figure 2). By adding up the ellipses, a map is created showing the in-plane 
variation of 𝛽 magnitude on the composite plate, and the location of maximum 𝛽 is 
expected to indicate the position of damage. It must be mentioned that the use of ellipses 
instead of lines for path representation is common in literature [43, 50, 51, 60]. The main 
benefit is that depending on the number of sensors used, the minor axis (width) of the 
ellipses can be adjusted to avoid leaving gaps within the inspected region. This adjustment 
is required only once for an array of specific size and number of sensors, and it is achieved 
by trial and error during the drawing of ellipses. 
 
 
Figure 2: Illustration of nonlinear parameter β amplitude assigned to four sensor-to-sensor paths in the 
form of ellipses. 
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4 Experimentation 
4.1 CFRP Test Panels 
The method explained in the previous section, was experimentally tested on three 
different CFRP panels of unknown lay-up and prepreg type, with BVID from unknown 
impact object and energy level. As shown in Figure 3, panels 1 and 2 were flat and 
rectangular (~13 mm thick), whereas panel 3 was trapezoid (~6 mm thick) and slightly 
curved in the direction of its long axis. In all composite laminates, the area around the 
impact location was examined through C-scanning, to reveal the shape and size of internal 
delamination. The inspection was performed with a 5 MHz ultrasonic probe made of 128 
elements, connected to an imaging system from Diagnostic Sonar Ltd. The results are 
presented in Figure 4. 
 
   
(a) (b) (c) 
Figure 3: Illustration of CFRP panel 1 (a), 2 (b) and 3 (c) - Dimensions in mm. Not to scale. 







Figure 4: C-scan around the location of BVID on CFRP panels 1 (a), 2 (b) and 3 (c).  
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4.2 Ultrasonic Data Acquisition 
The set-up illustrated in Figure 5 was used for the acquisition of ultrasonic data in all 
three CFRP laminates through eight circular piezoelectric PZT transducers (PIC 255 
elements) with 310 kHz central frequency. An NI PXI-1033 chassis equipped with a 
single-channel arbitrary waveform generator module (NI PXI-5421) and an eight-channel 
signal digitiser module (NI PXI-5105) was controlled by a computer system designed in 
LabVIEW platform. The input signal voltage was set to 250 V with the use of an amplifier 
(Falco Systems WMA-300). The process of ultrasonic wave transmission-reception was 
performed sequentially. At every step, one of the transducers was excited for 10 ms and 
the propagating waves were captured by the remaining seven sensors over a period of 11 
ms at a sampling rate of 6 MHz. This resulted in a total of 56 signals obtained from 28 
sensor-to-sensor paths with two directions each. 
 
 
Figure 5: Illustration of the set-up used in the nonlinear ultrasonic experiments. 
 
Prior to performing damage localisation, the ability of the proposed method to inspect the 
functionality of sensors was demonstrated on CFRP panel 1 following the procedure 
described in Section 3.1. The input signal frequency was swept from 100 kHz (𝑓𝐿) to 500 
kHz (𝑓𝐻). Initially, ultrasonic data were recorded using eight fully functional transducers. 
Then, sensor S6 was replaced with an identical transducer that was partially damaged due 
to accidental application of high voltage for a long period, and data acquisition was 
repeated. In the latter case, correlation coefficients 𝑟56 and 𝑟67 were expected to be 
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evidently lower than the remaining 𝑟 values, thus they were expected to be assigned with 
a value of 0.5. 
Moving to the damage localisation process, the eight-sensor array was positioned on 
each CFRP panel as shown in Figure 6. The exact coordinates of the sensors and the 
damage were listed in Table 1, with the origin taken as the bottom left corner of the panels. 
Starting from panel 1, the sensor array was placed at two different positions around the 
BVID (Figure 6a) to confirm that the detected damage location would change relative to 
the array. Next, the experiment was carried out on laminate 2 to localise BVID of different 
size on a CFRP plate with similar thickness. Finally, the method was tested on sample 3, 
for the detection of BVID position on a thinner CFRP laminate of more complex shape 
(i.e. curved with unparallel sides).  
 
    
 (a) (b) (c) 
Figure 6: Positioning of sensor array around the location of BVID on CFRP panel 1 (a), 2 (b) and 3 (c). 
 
Table 1: Coordinates of sensors and damage on CFRP panels 1, 2 and 3. 
Sensor/Damage 
ID 
Panel 1 - Array 1 
x, y (mm) 
Panel 1 - Array 2 
x, y (mm) 
Panel 2 
x, y (mm) 
Panel 3 
x, y (mm) 
S1 125, 226 125, 344 125, 222 260, 225 
S2 55, 196 55, 314 55, 192 190, 195 
S3 25, 126 25, 244 25, 122 160, 125 
S4 55, 56 55, 174 55, 52 190, 55 
S5 125, 26 125, 144 125, 22 260, 25 
S6 195, 56 195, 174 195, 52 330, 55 
S7 225, 126 225, 244 225, 122 360, 125 
S8 195, 196 195, 314 195, 192 330, 195 
Damage 125, 185 125, 185 125, 185 212, 120 
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The signals of 100-500 kHz sweeps (𝑓𝐿 to 𝑓𝐻) that were previously recorded in all paths 
during the sensor functionality check, were averaged to obtain the combined frequency 
response of each CFRP panel. As an example, the average frequency spectrum of CFRP 
plate 2 was plotted in Figure 7. From this plot, the single frequency 𝑓𝑆 corresponding to 
the highest received signal amplitude (in mV) was identified as 357.9 kHz. According to 
Section 3.2, the ultrasonic transmission-reception process was performed using input 
signals of single frequency 𝑓𝑆, and the nonlinear parameter 𝛽 in each of the 56 paths was 
calculated from the recorded signal amplitude at 𝑓𝑆 and 2𝑓𝑆 (ref. equation 5). For example, 
in the case of panel 2, the spectrum of the signals captured by S1 and S5 under excitation 
of S3 was plotted in Figure 8. Paths S3-S1 and S3-S5 had the same length and fibre 
orientation in the material, but only S3-S1 was directly crossing through the damage. As 
can be seen in Figure 8a, the signal received by S1 had lower amplitude at 𝑓𝑆 and higher 
at 2𝑓𝑆, relative to the signal captured by S5 (Figure 8b). Therefore, the 𝛽 value of path 
S3-S1 was twice as big as that of S3-S5. In the same way, the signals captured in all 56 
paths of each CFRP panel were used to create the map of 𝛽 (as explained in Section 3.2) 
highlighting the location of impact damage. 
 
 
Figure 7: Average plot of the received signals spectrum captured in all paths of CFRP panel 2 under 
ultrasonic excitation from 100 kHz to 500 kHz. 
  








Figure 8: Frequency spectrum of the signal received by (a) sensor S1 and (b) sensor S5 on CFRP panel 2 
under ultrasonic excitation of sensor S3 at fs = 357.9 kHz. 
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5 Results and Discussion 
Starting from the sensor functionality check conducted on CFRP panel 1, when all eight 
transducers were operating normally, the correlation coefficients between the signals in 
both directions of each sensor-to-sensor path (ie. 𝑟12 to 𝑟81) were all assigned with a value 
of 1 (see Figure 9a) based on the procedure explained in Section 3.1. However, when a 
partially damaged transducers was included in the array at position S6, both 𝑟56 and 𝑟67 
were marked with a value of 0.5 while the remaining 𝑟 values remained equal to 1 (Figure 
9b). This confirmed the capability of the proposed algorithm to detect a malfunctioning 
sensor. 
About the damage localisation results, in CFRP laminate 1 the determined value of 
𝑓𝑆 related to the highest signal amplitude was found to be 280 kHz for sensor array 
position 1, and 237.1 kHz for position 2. In panels 2 and 3, 𝑓𝑆 was 357.9 kHz and 341.9 
kHz respectively. After performing ultrasonic wave transmission at 𝑓𝑆 (ref. Section 3.2), 
the normalised map of nonlinear parameter 𝛽 on CFRP panel 1 was plotted for each 
sensor array position (1 and 2), as illustrated in Figure 10a and Figure 10b. The analogous 
maps of 𝛽 for panels 2 and 3 were presented in Figure 10c and Figure 10d. In Figure 11, 
the same maps were plotted after applying a threshold from 0.99 to 1, for better illustration 
of the peak values of 𝛽. According to these maps, the BVID was successfully located in 
all different cases within an error range of 4 to 22 mm (average of ~12 mm). It must be 
noted that the localisation error was measured from the estimated damage location to the 
boundary of BVID. If the error was measured from the centre of impact, the 
corresponding range would be 23 to 43 mm. However, this would not be sensible because 
stronger acoustic nonlinearities may arise from specific areas (e.g. bigger delamination 
areas) within the damaged region, and not necessarily from the centre of impact. In fact, 
the C-scans provided in Figure 4 indicated that the areas of bigger delamination were off-
centred, and in most cases, they were close to the estimated damage position. 
Finally, it is important to be noticed that in the experiments of this paper the 
transducers were not placed symmetrically away from the laminate edges, and panel 3 
was slightly curved with unparallel sides. This suggested that multi-directional wave 
reflections of different amplitude had not a significant effect on the accuracy of the 
presented method. 
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 (a) (b) 
Figure 9: Plot of correlation coefficients between the forward and backward signals in outer sensor-to-








(c) (d)  
Figure 10: Normalised map of nonlinear parameter β in CFRP panel 1 - array position 1 (a), panel 1 - array 
position 2 (b), panel 2 (c) and panel 3 (d). The ellipses represent the actual size of internal delamination. 








(c) (d)  
 
Figure 11: Normalised map with threshold of nonlinear parameter β in CFRP panel 1 - array position 1 (a), 




A new method for nonlinear ultrasonic localisation of BVID in composite materials was 
introduced in this paper. This method involves simple determination of the required signal 
transmission frequency, there is no need for complex measurements related to the time-
of-flight of propagating waves, and the accuracy of damage positioning does not rely on 
the acquisition of baseline signals (i.e. data obtained at the pristine state of the material). 
The proposed technique is based on the transmission and reception of ultrasonic waves 
through the material using a circular array of transducers coupled to the surface of the 
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inspected laminate. As explained in Section 3, this method is capable of checking the 
functionality of sensors, based on the correlation coefficient between the signals in the 
forward and backward directions of the paths around the periphery of the senor network. 
Regarding the detection of damage location, this can be achieved by acquiring ultrasonic 
signals in sensor-to-sensor paths over a wide range of frequencies (frequency sweep). 
Once the average of all received signals in the frequency domain is calculated, the 
frequency associated with the highest received signal amplitude can be determined. 
Ultrasonic signals of the chosen frequency are then re-transmitted from every transducer 
in turn, and the value of nonlinear parameter 𝛽 in the individual paths is calculated from 
the signal received by the remaining sensors. By summing up the 𝛽 values, a map of the 
material nonlinearity amplitude across the composite panel can be created. 
The effectiveness of the presented method was experimentally tested on three CFRP 
panels of unknown lay-up and prepreg type with different dimensions, shape and size of 
BVID. In all cases, the position of damage was estimated with an accuracy of 4 to 22 mm, 
and the detection of a malfunctioning transducer was successfully demonstrated on CFRP 
laminate 1. Based on the above, it is concluded that the proposed method can be 
considered an improved alternative to existing techniques for localisation of damage in 
fibre reinforced composite laminates. 
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A Nonlinear Ultrasonic Approach for Through-
Thickness Localisation of Contact Defects 
 
The work reported in the journal paper (Paper V) of this chapter, was the last part of this 
research study, and focused on the localisation of several contact defects at different 
depths inside the inspected materials using an alternative phased array method for pulse-
echo inspection. In particular, this work focused on the improvement of the signal-to-
noise ratio in the acoustic response of the material for more effective identification of 
defect-related peaks. This was approached by optimising a nonlinear ultrasonic phased 
array technique which was based on the concept of frequency and amplitude modulation 
of longitudinal waves propagating at two different frequencies. 
The presented method involved the recording of the material response at four 
individual steps of ultrasonic excitation. At each step, the elements of the phased array 
probe were excited in a programmed order for the transmission of waves through the 
inspected material at either a single frequency (𝑓1 or 𝑓2), or at two frequencies (𝑓1 and 𝑓2). 
The signals recorded at these four steps were then processed (added and/or subtracted) 
following a unique expression enabling the filtering of both the fundamental and the 
second-order harmonic features. More specifically, the ultrasonic response obtained from 
the processing expression was equal to the sum of the acoustic nonlinearity parameters 
(𝛽𝑠 + 𝛽𝑑) corresponding to the modulation sidebands at 𝑓𝑠 = 𝑓2 + 𝑓1 and 𝑓𝑑 = 𝑓2 − 𝑓1. In 
the present paper, this response was referred to as the nonlinear modulated response 
(𝑅𝛽𝑠+𝛽𝑑), and it was plotted in the time domain for the detection of peaks indicating the 
positions of contact flaws through the thickness of metallic and composite samples. 
In fact, this alternative phased array method was tested on four multi-layered 
samples, two of which were made from aluminium disks and two from rectangular CFRP 
plates. The defect-related peaks in 𝑅𝛽𝑠+𝛽𝑑 were compared to the peaks exhibited in the 
linear ultrasonic response (𝑅𝑓1) from wave transmission at 𝑓1. The results obtained from 
all four test samples, revealed that the peaks in 𝑅𝛽𝑠+𝛽𝑑 offered significantly higher values  
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of SNR, appeared to be substantially narrower (width at half-height) and indicated the 
expected positions of the interfaces with considerably smaller error. 
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Abstract 
Critical metallic and composite structures are periodically inspected for contact defects 
such as kissing bonds and delamination, using phased array techniques based on linear 
ultrasound. The detection of contact flaws at multiple depths in the material can be 
challenging due to high signal attenuation and noise level. In this study a new ultrasonic 
phased array approach relying on the nonlinear modulation of dual-frequency excitation 
was developed to improve the sensitivity and accuracy in the detection of contact defects. 
A phased array probe was used for the generation of single-frequency and dual-frequency 
waves, and the capturing of echoes. The flaws were detected using a new nonlinear 
modulated parameter characterising the response of the material arising only from the 
modulation sidebands at the sum and difference frequencies f2+f1 and f2-f1. Ultrasonic 
tests were conducted on materials with multiple contact interfaces. The novel parameter 
was plotted against the linear response, and the peaks indicating the contact interfaces 
were compared based on their signal-to-noise ratio (SNR), their width at half-height (6 
dB drop) and their positioning error. The peaks of the novel modulated parameter offered 
up to 103 times higher SNR, up to 10 times smaller width at half-height and around 45% 
smaller localisation error than classical linear ultrasonic response. The results showed that 
the proposed approach could lead to more effective detection and more accurate 
localisation of contact defects in structural materials such as kissing bonds and closed 
delamination. 
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1 Introduction 
Contact type defects can be found in metallic and composite structures in the form of 
kissing bond, closed crack, delamination and debonding [1]. This defect type can be 
described as an interface of plastic contact between the surfaces of two elastic solid layers 
with similar material properties. The layers are typically separated by a gap due to surface 
imperfections/roughness, meaning that a contact interface has no strength [2]. For this 
reason, the early identification of such flaws has been a significant requirement in non-
destructive evaluation (NDE) of materials. 
Contact defects of certain size are detectable using various linear ultrasonic methods 
relying on the interaction of propagating waves with the contact interface [3-6]. This 
interaction causes reflections, scattering and attenuation of waves that can be recorded by 
the same ultrasonic source or other transducers. Among these, linear pulse-echo 
techniques using phased arrays of piezoelectric elements are widely preferred for the 
inspection of internal defects in many aerospace, automotive and civil structures [7-9]. 
They enable quick acquisition of multiple one-dimensional amplitude waveforms (A-
scans) that can be added to provide a cross-sectional amplitude image (B-scan) of the 
inspected medium. In addition, the array elements can be excited in a specific order and 
according to pre-set delay laws to achieve steering or focusing of ultrasonic wave beams 
for improved localisation and sizing of damage [10, 11]. Various studies on linear phased 
array methods demonstrated effective identification of contact flaws at a single interface 
in metallic or composite parts [12-16], but only few of them detected multiple defect 
interfaces through the material thickness [17, 18]. This can be very challenging, 
depending on the mechanical contact between the surfaces at each damaged plane. In the 
case of multiple contact defects with almost perfectly mated surfaces, the propagating 
waves are transmitted through the interfaces, meaning that the amplitude of reflected 
waves will be relatively low [19]. For a given noise level in the signal, such reflections 
may not be detectable. Equally, in a poor-contact scenario most of the incident wave 
energy will be reflected to the source from the first interface, thus only low-amplitude 
waves will be reflected from any interfaces existing deeper in the material [20]. Hence, 
new ultrasonic methods of higher sensitivity to defect identification are required.  
Over the last years, different research studies proposed nonlinear ultrasonic phased 
array techniques. In general, ultrasonic methods focusing on the assessment of acoustic 
7. A Nonlinear Ultrasonic Approach for Through-Thickness Localisation of Contact Defects 
145 
nonlinearities in the material response have shown higher accuracy to the detection of 
micro-defects than linear ultrasonic methods, especially at the early stages of damage 
formation [21]. Briefly, under single-frequency (𝑓1) excitation, nonlinearities are 
detectable in the received signal spectrum in the form of higher harmonics (2𝑓1, 3𝑓1 etc.) 
and sub-harmonics (𝑓1/2, 𝑓1/3 etc.) [22-24]. Based on that, some studies demonstrated 
accurate monitoring of fatigue crack growth in metallic samples using nonlinear phased 
array methods relying on the measurement of the second harmonic [25], the sub-
harmonics [26-29] and the diffuse field energy [30, 31]. However, higher harmonic and 
sub-harmonic generation can be partially or totally related to system/instrumentation 
nonlinearities, and the acquisition of the diffused field of all array elements is time 
consuming and requires advanced signal processing [31, 32]. 
Alternatively, recent studies focused on the development of nonlinear phased array 
methods based on ultrasonic wave modulation of signals with two frequencies. In fact, 
under dual-frequency (𝑓1 and 𝑓2) excitation, modulation sidebands can be generated in 
the received spectrum at the sum and difference frequencies (𝑓𝑠 = 𝑓2 + 𝑓1 and 𝑓𝑑 = 𝑓2 −
𝑓1) [33, 34]. The main advantage of wave modulation technique is that the amplitude of 
generated sidebands is less affected by equipment nonlinearities, compared with the 
amplitude of generated harmonics [1, 35-38]. Thus, the detection of spectral sidebands is 
more likely to be attributed to the presence of defects. In addition, it is relatively easier to 
satisfy the conditions necessary for defect excitation by using input waves of two different 
frequencies instead of a single frequency [38]. For example, Haupert et al. introduced an 
amplitude modulation method relying on image acquisition from phased arrays, where 
the linear material response is subtracted from the modulated signal revealing the image 
of nonlinear scattering in steel specimens with thermal fatigue cracks [39, 40]. Alston et 
al. focused on the detection of a kissing bond between two aluminium blocks based on 
non-collinear mixing of shear waves from two sources producing nonlinear longitudinal 
waves at sum-frequency that were captured by a phased array of sensors [41]. Finally, in 
a previous study of Fierro and Meo, a nonlinear frequency and amplitude modulation 
evaluation (FAME) technique was developed for more accurate detection of fatigue crack 
tips in aluminium specimens through phased array testing. This method focused on the 
assessment of acoustic nonlinearities based on the combined response of modulation 
sidebands and higher harmonics, after filtering out the linear ultrasonic effects [42]. 
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Although the above nonlinear techniques offered improved sensitivity to micro-flaws 
compared to conventional linear ultrasonic methods, these were demonstrated on 
experimental samples containing a single interface of damage, and in most cases, the 
defects were oriented vertically relative to the plane of phased array elements. The 
identification of contact defects at multiple interfaces through the material remains 
challenging because the generation of detectable nonlinearities requires high amplitudes 
and signals of long duration, which is usually an equipment limitation for ordinary phased 
array systems [42]. 
This study introduces an optimised version of the phased array technique developed 
by Fierro and Meo [42], capable of identifying multiple contact interfaces in metallic and 
composite materials. In fact, this method focuses on the improvement of signal-to-noise 
ratio (SNR) relative to the case of linear ultrasonic testing, to enable more sensitive and 
accurate detection of peaks in the time domain of the received signal. The proposed 
version is also relying on the nonlinear modulation of ultrasonic waves from dual-
frequency excitation. However, the acoustic nonlinearities generated by the damage were 
assessed using a parameter describing the nonlinear modulated response of the material 
arising only from the sidebands at 𝑓𝑠 and 𝑓𝑑. This is achieved by employing the pulse 
inversion technique in some of the signal processing steps, to filter out both the 
fundamental and the second-order frequency harmonics from the captured signals [43, 
44]. The performance of the presented method was compared with that of conventional 
linear ultrasonic inspection, by performing phased array (pulse-echo) experiments on 
aluminium and CFRP samples containing multiple horizontal interfaces of contact 
defects. 
 
2 Elastic Wave Propagation Through Contact 
Interfaces 
As illustrated in Figure 1, a contact defect can be considered the interface between the 
surfaces of two similar elastic solid layers, that are separated by a gap of height ℎ due to 
material imperfections/roughness. According to Richardson [45] and Biwa et al. [46], the 
value of ℎ is a function of the contact pressure 𝑝. In the absence of ultrasonic excitation, 
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the layers are assumed to be in equilibrium under static pressure 𝑝0 and the gap height is 
ℎ0 = 𝑋+ − 𝑋−  (i.e. 𝑝(ℎ0) = 𝑝0). 
 
Figure 1: Longitudinal wave propagation through contact interface between two material layers held under 
pressure. 
 
When longitudinal elastic waves are propagating perpendicularly to the plane of the 









          (1) 
where 𝜌 is the material density, 𝑢(𝑥, 𝑡) is the wave displacement, 𝑡 is the time, 𝜎(𝑥, 𝑡) =
𝐸 − 𝑝0 is the stress, 𝐸 is the material elasticity (Young’s modulus) and =
𝜕𝑢
𝜕𝑥
 is the 
strain. As the waves interact with contact surfaces, part of the incident wave energy is 
reflected to the source and part of it is transmitted through the interface (Figure 1). Based 
on this, the solution to equation (1) can be expressed as 
 𝑢(𝑥, 𝑡) = 𝑢𝐼(𝑥 − 𝑐𝑡) + 𝑢𝑅(𝑥 + 𝑐𝑡) for 𝑥 < 0   (2a) 
and 𝑢(𝑥, 𝑡) = 𝑢𝑇(𝑥 − 𝑐𝑡) for 𝑥 > 0 ,   (2b) 
where 𝑐 = √𝐸/𝜌 is the longitudinal wave speed and 𝑢𝐼, 𝑢𝑅 and 𝑢𝑇 represent the 
displacement fields of the incident, reflected and transmitted waves [45, 46]. In addition, 
an amount of 𝑝 is applied on the mated surfaces by the incident waves. This results in the 
variation of ℎ with time (opening-closing motion), in a nonlinear manner described by 
the following expression 
 ℎ(𝑡) = ℎ0 + 𝑢(𝑋+, 𝑡) − 𝑢(𝑋−, 𝑡).        (3) 
Hence, the contact interface is subject to a continuous stress that relies on the relationship 
between 𝑝 and ℎ. 
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By considering the case of dual-frequency excitation of the contact surfaces using two 
monochromatic sinusoidal waves with frequencies 𝑓1 and 𝑓2 and amplitudes 𝐴1 and 𝐴2, 
the incident wave can be written as 
 𝑢𝐼(𝑥 − 𝑐𝑡) = 𝐴1𝑐𝑜𝑠 [
2𝜋𝑓1
𝑐
(𝑥 − 𝑐𝑡)] + 𝐴2𝑐𝑜𝑠 [
2𝜋𝑓2
𝑐
(𝑥 − 𝑐𝑡)].     (4) 
The explicit analysis provided in the study of Guo et al. [47], which followed the works 
of Richardson [45] and Biwa et al. [46], showed that both the reflected and the transmitted 
signals would exhibit linear harmonics at 𝑓1 and 𝑓2 frequencies with 𝐴𝑓1 and 𝐴𝑓2 
amplitudes, second-order nonlinear harmonics at 2𝑓1 and 2𝑓2 frequencies with 𝐴2𝑓1 and 
𝐴2𝑓2 amplitudes, and first-order nonlinear intermodulation peaks (sidebands) at the sum-
frequency (𝑓𝑠 = 𝑓2 + 𝑓1) and the difference-frequency (𝑓𝑑 = 𝑓2 − 𝑓1) with 𝐴𝑠 and 𝐴𝑑 
amplitudes. The 𝐴2𝑓1 and 𝐴2𝑓2 were found to be proportional to the square of 𝐴𝑓1 and 𝐴𝑓2, 
respectively, whereas 𝐴𝑠 and 𝐴𝑑 were linear functions of the product of 𝐴𝑓1 and 𝐴𝑓2. 
Hence, the dependency of the interface nonlinearity on the contact pressure was 
successfully monitored by calculating the magnitude of the relative acoustic nonlinearity 










 .        (5b) 
The technique used in this study relied on the detection of the acoustic nonlinearities using 
the nonlinear modulated response (𝑅𝛽𝑠+𝛽𝑑) of the material, which is calculated as the sum 
of 𝛽𝑠 and 𝛽𝑑 parameters 




 .        (6) 
Before moving to the explanation of the technique and how 𝑅𝛽𝑠+𝛽𝑑 can be practically 
obtained, it must be noticed that when the contact interface is excited using ultrasonic 
waves of single-frequency (e.g. 𝑓1), the reflected and the transmitted signals contain the 
second-order nonlinear harmonic at 2𝑓1 (and higher-order harmonics) without any 
intermodulation products. The studies of Biwa et al. [46] and Kim and Lee [48] showed 
that, in such case, the level of interface nonlinearity could be monitored using the 




2            (7) 
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However, as mentioned and referenced in the Introduction section, the main benefit of 
dual-frequency over single-frequency transmission is that the amplitude of modulation 
sidebands (𝐴𝑠 and 𝐴𝑑) is less influenced by the nonlinearities induced by the power 
instruments of the setup relative to the second harmonic amplitude (𝐴2𝑓1).  
 
3 Phased Array Method based on Nonlinear 
Ultrasound Modulation  
The nonlinear phased array method used in this study is an optimised version of the 
FAME method introduced by Fierro and Meo [42]. To obtain the 𝑅𝛽𝑠+𝛽𝑑 response of the 
material under ultrasonic phased array inspection, the four signals illustrated in Figure 2 
are required. The difference between those signals is the order in which the elements of 
the phased array probe are generating waves at 𝑓1 and 𝑓2 frequencies. For the first signal, 
waves are transmitted from all the elements at 𝑓1 (i.e. signal 𝑢𝑓1), whereas for the second 
one at 𝑓2 (i.e. signal 𝑢𝑓2). This allows the recording of the linear ultrasonic response of 
the samples at these two frequencies. For the third signal, waves are fired at 𝑓1 from the 
odd-numbered elements and at 𝑓2 from the even-numbered elements (i.e. signal 𝑢𝑓12), to 
achieve nonlinear modulation of the propagating waves. The last signal has the inverse 
element order of the third one (i.e. signal 𝑢𝑓21). 
 
(a) (b) (c) (d) 
    
Figure 2: Frequency order of phased array elements in signal uf1 (a), signal uf2 (b), signal uf12 (b) and signal 
uf21 (d). The numerical superscripts indicate the 0⁰ and 180⁰ phase angles respectively. 
 
It is worth noting that the sum of 𝑢𝑓12  and 𝑢𝑓21  results in the same amount of transmitted 
energy at 𝑓1 and 𝑓2 as with the individual 𝑢𝑓1 or 𝑢𝑓2, because for 𝑢𝑓12  and 𝑢𝑓21  only half 
of the array elements are generating 𝑓1 and 𝑓2 waves. In addition, the inputs signals are 
focused on the back surface of the samples because in a real case of inspection the depth 
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of possible contact defects will be unknown. Moreover, for 𝑓12 and 𝑓21 signals, a delay is 
applied between the firing of waves at 𝑓1 and 𝑓2 frequencies. Specifically, 𝑓2 transmission 
starts immediately after 𝑓1 transmission has stopped (i.e. delayed by one wavelength of 
𝑓1 signal). In this way, the 𝑓1 waves can reach and excite the contact surfaces first, and 
then the 𝑓2 waves will arrive and modulate that excitation. 










180). This is also known as pulse inversion, and it is a common method in 
literature for the extraction of the second harmonics at 2𝑓1 and 2𝑓2 [49-51]. The frequency 
spectrum resulting from the summation of the signals captured under single- or dual-
frequency excitation with 0⁰ and 180⁰ phase angles is presented in Figure 3. Ideally, by 
adding the 0⁰ and 180⁰ signals, the fundamental harmonic amplitudes (𝐴𝑓1 and 𝐴𝑓2) will 
be minimised because the signals are identical in amplitude and wavelength, but opposite 
in phase. In the case of single-frequency excitation (Figure 3c and Figure 3d), the 
amplitude of second harmonics (𝐴2𝑓1and 𝐴2𝑓2) after adding the 0⁰ and 180⁰ signals will 
be doubled since the nonlinear waves generated at the contact interfaces are propagating 
in phase. For dual-frequency signals (Figure 3e and Figure 3f), 𝐴2𝑓1and 𝐴2𝑓2 will not be 
doubled because, as explained in the previous paragraph, the sum of harmonic amplitudes 
is equal to the individual harmonic amplitudes in 𝑢𝑓1 or 𝑢𝑓2 signals (i.e. same number of 
firing elements in total). 
  








Figure 3: Illustration of the frequency spectrum resulting from signal summation uf10 + uf20 (a), uf120 + uf210 
(b), uf10 + uf1180 (c), uf20 + uf2180 (d), uf120 + uf12180 (e) and uf210 + uf21180 (f). 
 
Based on the above, the response corresponding to the sum of sideband components 
(𝑅𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑), and the response corresponding to the product of fundamental harmonics 
(𝑅𝑓𝑢𝑛𝑑.  ℎ𝑎𝑟𝑚.) can be obtained by inserting the captured time signals in the following 
expressions 
𝑅𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑 = [( 𝑢𝑓1
0 + 𝑢𝑓2
0) − (𝑢𝑓1
0  +  𝑢𝑓1
180) − (𝑢𝑓2





0  +  𝑢𝑓12
180) − (𝑢𝑓21
0  +  𝑢𝑓21
180)]    (8) 
and 
7. A Nonlinear Ultrasonic Approach for Through-Thickness Localisation of Contact Defects 
152 











0  +  𝑢𝑓2
180)].     (9) 
By considering the frequency spectrum of the signals in equations (8) and (9), and 
according to Figure 3, 𝑅𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑 and 𝑅𝑓𝑢𝑛𝑑.  ℎ𝑎𝑟𝑚. can be expressed based on the received 
amplitudes of harmonics and sidebands 
𝑅𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑 = [(𝐴𝑓1 + 𝐴2𝑓1 + 𝐴𝑓2 + 𝐴2𝑓2) − 2𝐴2𝑓1 − 2𝐴2𝑓2]  
 −[(𝐴𝑓1 + 𝐴2𝑓1 + 𝐴𝑓2 + 𝐴2𝑓2 + 𝐴𝑠 + 𝐴𝑑  ) − 2𝐴2𝑓1 − 2𝐴2𝑓2 − 2𝐴𝑠 − 2𝐴𝑑] 
 = (𝐴𝑓1 + 𝐴𝑓2 − 𝐴2𝑓1 − 𝐴2𝑓2) − (𝐴𝑓1 + 𝐴𝑓2 − 𝐴2𝑓1 − 𝐴2𝑓2 − 𝐴𝑠 − 𝐴𝑑) 
 = 𝐴𝑠 + 𝐴𝑑 .              (10) 
and 
𝑅𝑓𝑢𝑛𝑑.  ℎ𝑎𝑟𝑚. = [(𝐴𝑓1 + 𝐴2𝑓1) − 𝐴2𝑓1] × [(𝐴𝑓2 + 𝐴2𝑓2) − 𝐴2𝑓2]  
 = 𝐴𝑓1𝐴𝑓2 .              (11) 
Equation (10) can be then divided by (11), and the resulting ratio is equal to that of 





𝐴𝑠 + 𝐴𝑑 
𝐴𝑓1
𝐴𝑓2
 .            (12) 
 
4 Experimental Process 
4.1 Aluminium and CFRP Test Samples 
To assess the proposed approach, various samples made by two different materials, 
aluminium and CFRP, with multiples interfaces were manufactured. In the first case, 
aluminium disks with four holes (Figure 4a) were machined from a 6082-T6 aluminium 
round bar to different thicknesses (23, 19, 15, 11 and 7 mm). The maximum deviation in 
flatness was 0.03 mm and the surface finish equal to 0.1 μm. As illustrated in Figure 4, 
the disks were stacked in two separate orders and held under constant pressure using M4 
bolts through the holes, that were all tightened to a maximum torque of 2.5 Nm. These 
two assemblies were used to simulate aluminium rods with contact interfaces at multiple 
depths. In this paper, the assemblies shown in Figure 4b and Figure 4c are referred as the 
aluminium test samples AL1 and AL2 respectively. 





    (b)
 
    (c)
 
Figure 4: Size of aluminium disks (a) and their stacking sequence in test sample AL1 (b) and AL2 (c). 
Dimensions in mm. Not to scale. 
 
Similarly, rectangular CFRP laminates (Figure 5a) of various thicknesses (13.5, 8.5 and 
4.1 mm) were used for the assembly of two composite test samples. The laminates were 
made from unidirectional carbon-epoxy (Hexcel T800-M21) layers in quasi-isotropic 
orientation, but the exact number of layers and lay-up in each laminate was unknown. 
The flatness across the length and width of the laminates had a maximum deviation of 0.2 
mm and 0.07 mm respectively, and the surface finish was measured as 0.15 μm. The 
stacking orders of the laminates in samples CFRP1 and CFRP2 are presented in Figure 
5b and Figure 5c. The laminates forming each composite sample were also subject to 




        (b)
 
        (c)
 
Figure 5: Size of composite laminates (a) and their stacking sequence in test sample CFRP1 (b) and CFRP2 
(c). Dimensions in mm. Not to scale. 
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4.2 Phased Array Ultrasonic (Pulse-Echo) Tests 
The following experimental activities were completed using a phased array system (from 
Diagnostic Sonar Ltd) equipped with a 5 MHz ultrasonic probe of 128 piezoelectric 
elements (pitch of 0.5 mm). In all cases, the probe was directly coupled to the top surface 
of the material using water-based gel. In addition, ultrasonic excitation was performed 
only at two frequencies, 𝑓1 = 4.8 MHz and 𝑓2 = 5.3 MHz, and the transmitted signals were 
sinusoidal waves of one cycle. These were close to the central frequency of the probe, 
meaning that the energy of the propagating waves was expected to be high. For the tests 
on the aluminium samples the input signal voltage was set to 20 V whereas for the CFRP 
specimens to 60 V. 
 
4.2.1 Speed of Sound Measurement 
Prior to conducting acoustic inspection experiments, the average speed of ultrasound in 
the aluminium and CFRP samples was calculated through pulse-echo testing in 
accordance with the ASTM E494-15 standard. Specifically, the speed was measured on 
a single aluminium disk (23 mm thick), initially at 4.8 MHz and then at 5.3 MHz, 
suggesting an average value of 6420 m/s. In the same way, the mean velocity of 
ultrasound in the 13.5 mm thick CFRP laminate was estimated as 3040 m/s. These 
velocity values were used for the calculation of the expected positions of the contact 
interfaces in the time domain, as well as for the focusing of the transmitted signals. 
 
4.2.2 Detection of Contact Interfaces in Test Samples 
The aluminium and CFRP test specimens were then subject to ultrasonic pulse-echo tests 
for the detection of the contact interfaces in the form of amplitude peaks in the captured 
time domain. The phased array system was programmed to perform signal transmission 
in beams of 32 elements and in steps of one element (i.e. 97 beams in total). The waves 
reflected from the contact interfaces and the back surface of the samples were recorded 
by the probe in the time domain and stored in the form of an image (B-scan). At this point 
it must be mentioned that around 10-15 beams on either end of the probe were located 
outside the top surface of the specimens, and hence, those beams were excluded from the 
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analysis of data. The time signals associated with the remaining beams were summed up 
to obtain the combined ultrasonic signal of the material. 
According to the method described in Section 3, four input signals were initially 




0) and then with a phase 




180), allowing the calculation of the 
nonlinear modulated response 𝑅𝛽𝑠+𝛽𝑑 arising from the sum of 𝛽𝑠 and 𝛽𝑑 parameters (ref. 
equations (8)-(12)). For comparison, the linear ultrasonic response of the material was 
represented by the signal recorded under 𝑓1
0
 transmission (i.e. 𝑅𝑓1 = 𝑢𝑓1
0).  
 
5 Results and Discussion 
The results obtained from the linear ultrasonic and nonlinear modulation experiments on 
each aluminium and CFRP sample were plotted and analysed for comparison. More 
specifically, the Hilbert transform of 𝑅𝑓1 was plotted against the absolute value of 𝑅𝛽𝑠+𝛽𝑑. 
As an example, the normalised plots corresponding to the AL1 and CFRP1 samples are 
shown in Figure 6a and Figure 7a respectively. The initial part of the signal was truncated 
to remove the near-field effect. In addition, the expected positions of the contact interfaces 
and the back surface were marked on the plot with vertical dashed lines. These positions 
were calculated based on the speed of sound in the material, as explained in Section 4.2.1. 
According to Figure 6a and Figure 7a, both the 𝑅𝑓1 and 𝑅𝛽𝑠+𝛽𝑑 responses included 
peaks close to the expected positions of the interfaces. By considering the attenuation of 
waves transmitted to deeper interfaces with almost the same size, shape and surface 
contact, then the amplitude of the peaks in the linear 𝑅𝑓1 response would be expected to 
have a decreasing trend as shown in Figure 6a. However, for a better surface contact at 
an interface, most of the incident wave could be transmitted through instead of being 
reflected to the source. As a result, the linear peaks corresponding to deeper interfaces 
(e.g. back wall) could have higher amplitudes as illustrated in Figure 7a. In the case of 
𝑅𝛽𝑠+𝛽𝑑, the amplitude of the peaks was expected to depend primarily on the level of 
nonlinearity at each contact interface (i.e. based on the characteristics of the interface). 
As can be seen in Figure 6a and Figure 7a, the peaks with the highest amplitude were 
those indicating the back surface. This could possibly be attributed to strong 
nonlinearities induced by the contact between the material and the bolts or clamps used 
to hold under pressure the aluminium and composite samples (ref. section 4.1). 





(b) (c) (d) 
   
Figure 6: Hilbert transform of linear response against absolute nonlinear modulated response of sample 
AL1. Normalised plot showing the contact interfaces and back surface (a), and normalised plot around 
interface 1 (b), interface 2 (c) and back surface (d). 
(a) 
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(b) (c) (d) 
   
Figure 7: Hilbert transform of linear response against absolute nonlinear modulated response of sample 
CFRP1. Normalised plot showing the contact interfaces and back surface (a), and normalised plot around 
interface 1 (b), interface 2 (c) and back surface (d). 
 
The linear and nonlinear modulated peaks at each interface could not be directly 
compared because the 𝑅𝑓1 and 𝑅𝛽𝑠+𝛽𝑑 plots were individually normalised with respect to 
their maximum amplitude. Instead, the parts of the time domain around the locations of 
the interfaces were normalised separately, and plotted as illustrated in Figure 6b to Figure 
6d for AL1, and Figure 7b to Figure 7d for CFRP1. The peaks in 𝑅𝑓1 and 𝑅𝛽𝑠+𝛽𝑑 indicating 
the contact defects were compared based on three parameters. The first one was the 




 ,        (10) 
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where 𝐴𝑝𝑒𝑎𝑘 was the amplitude of every peak and 𝐴𝑛𝑜𝑖𝑠𝑒 was the amplitude of noise along 
the entire time domain. The value of 𝐴𝑛𝑜𝑖𝑠𝑒 was estimated as the mean amplitude of all 
values below 3 standard deviations. 
The second parameter of comparison was the peak width at a 50% drop (i.e. 6 dB 
drop) from its maximum point. This is a common measure in literature, also known as the 
peak width at half-height (𝑤ℎ), which can be used to indicate how localised (narrow) the 
peaks are. The last comparison was made based on the positioning error ( 𝑝) of the peaks 
in 𝑅𝑓1 and 𝑅𝛽𝑠+𝛽𝑑 relative to the expected positions of the interfaces and back surface in 
the time domain (i.e. relative to the dashed lines in Figure 6 and Figure 7). Similar plots 
of linear ultrasonic and nonlinear modulated signal responses were obtained from the 
phased array experiments on the AL2 and CFRP2 samples. The results of 𝑆𝑁𝑅 and 𝑤ℎ 
from all four tests specimens were summarised in Table 1.  
 
Table 1: SNR, wh and εp of the peaks in Rf1 and Rβs+βd responses of aluminium and CFRP samples. 
 



























𝑅𝑓1         14.31 0.37 0.07 11.68 0.29 0.07 − − − 8.63 0.27 0.02 
𝑅𝛽𝑠+𝛽𝑑  23.89 0.03 0.00 199.69 0.03 0.02 − − − 1030.93 0.02 0.00 
              
AL2 
𝑅𝑓1         12.67 0.29 0.01 6.18 0.29 0.05 9.96 0.26 0.23 4.04 0.40 0.31 
𝑅𝛽𝑠+𝛽𝑑  247.86 0.03 0.05 51.41 0.03 0.02 1020.41 0.03 0.05 188.88 0.09 0.02 
              
CFRP1 
𝑅𝑓1         5.56 0.51 0.32 1.48  0.48 0.02 − − − 2.41 0.5 0.13 
𝑅𝛽𝑠+𝛽𝑑  6.90 0.10 0.16 3.73 0.12 0.08 − − − 909.09 0.03 0.07 
        − − −    
CFRP2 
𝑅𝑓1         5.26 0.28 0.17 3.30 0.37 0.25 − − − 2.67 0.41 0.24 
𝑅𝛽𝑠+𝛽𝑑  7.60 0.09 0.14 8.47 0.09 0.05 − − − 1612.90 0.03 0.27 
 
As can be seen, in all cases, the 𝑆𝑁𝑅 values of the peaks in 𝑅𝛽𝑠+𝛽𝑑 were significantly 
higher than those corresponding to the peaks in 𝑅𝑓1. Regarding the aluminium samples, 
the difference in 𝑆𝑁𝑅 was varying from a minimum of ~70% (interface 1 in AL1) up to 
a maximum of more than two orders of magnitude (back surface in AL1). The equivalent 
𝑆𝑁𝑅 variation in CFRP specimens was from ~25% (interface 2 in CFRP1) to nearly three 
orders of magnitude (back surface in CFRP2). The 𝑤ℎ measurements showed that in all 
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samples the width of the peaks in the nonlinear modulated signal was much smaller than 
the peaks in the linear response. For the aluminium specimens, the difference in peak 
width was almost constant at around one order of magnitude. In the case of CFRP 
samples, the width of the nonlinear peaks at some interfaces (e.g. interfaces 1 and 2 in 
CFRP1) was smaller than that of the linear peaks by at least three times, whereas at other 
interfaces (e.g. back surface in CFRP1) by more than one order of magnitude. Regarding 
the positioning accuracy of the peaks, the nonlinear peaks offered smaller 𝑝 values than 
the linear peaks for the majority of the interfaces and back surfaces (10 out of 13 cases). 
Also, in two cases the 𝑝 of nonlinear peaks was equal to zero. Most importantly though, 
the mean 𝑝 of the peaks in 𝑅𝛽𝑠+𝛽𝑑 (0.07 μs) was around 45% smaller than the average 
𝑝 of the peaks in 𝑅𝑓1 (0.16 μs). Finally, as a general observation, the majority of the 
peaks in both 𝑅𝑓1 and 𝑅𝛽𝑠+𝛽𝑑 of the aluminium samples indicated higher 𝑆𝑁𝑅, smaller 
𝑤ℎ and smaller 𝑝 values compared with those of CFRP specimens, which could be 
translated to lower accuracy in the detection of contact defects in CFRP samples. This 
could be true to some extent, considering that the CFRP laminates were not fully isotropic 
and their cut edges included broken fibres and cracked matrix. Hence, the propagation of 
nonlinear waves from the interfaces should not be as uniform as in the isotropic 
aluminium specimens. However, it must be noted that the 𝑆𝑁𝑅 and 𝑤ℎ results from the 
aluminium samples should not be directly studied against those from the CFRP 
specimens, because of their differences in geometry, thickness and speed of sound. 
 
6 Conclusions 
This work introduced an alternative phased array (pulse-echo) method relying on the 
nonlinear ultrasonic modulation of elastic waves from dual-frequency excitation. The aim 
was to localise contact type defects at multiple interfaces in metallic and composite 
materials with higher sensitivity and accuracy, compared to the traditional linear phased 
array technique. The proposed method assessed the material nonlinearities based on the 
sum of 𝛽𝑠 and 𝛽𝑑 modulation parameters, that were obtained from effective signal 
processing involving the use of pulse inversion technique in some steps. 
Phased array experiments were conducted on two circular aluminium samples and 
two rectangular CFRP specimens containing contact interfaces at different depths through 
the thickness. The received linear ultrasonic and nonlinear modulated responses (𝑅𝑓1 and 
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𝑅𝛽𝑠+𝛽𝑑) were plotted in the time domain, and as explained in the previous section, their 
peaks indicating the positions of the contact interfaces and the back surfaces were 
compared based on the values of 𝑆𝑁𝑅, 𝑤ℎ and 𝑝. The results revealed that for all four 
test samples, the 𝑆𝑁𝑅 associated with the peaks in 𝑅𝛽𝑠+𝛽𝑑 signal was higher than the 𝑆𝑁𝑅 
of the peaks in 𝑅𝑓1 response, with a maximum difference of around three orders of 
magnitude. Similarly, the results of 𝑤ℎ measurements suggested that, in all cases, the 
nonlinear peaks were narrower compared with the linear peaks, and the largest difference 
in width was more than one order of magnitude. Lastly, the mean value of 𝑝 
corresponding to the peaks in 𝑅𝛽𝑠+𝛽𝑑 was on around 45% smaller than that of the peaks 
in 𝑅𝑓1. 
In conclusion, this work proved that the presented nonlinear phased array method 
enabled the identification of multiple contact flaws in the test specimens with 
significantly higher sensitivity and localisation accuracy relative to the conventional 
linear phased array method. This technique could potentially be implemented in the 
design of future phased array systems for enhanced performance in pulse-echo inspection 
of metallic and composite structures. 
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Conclusions and Recommendations for Future Work 
 
8.1 Concluding Remarks 
This research project aimed at providing unique solutions and new techniques for the 
improvement of ultrasonic SHM systems and NDE procedures, in order to achieve more 
effective detection and localisation of defects in metallic and composite materials. This 
was approached by identifying some challenges in specific engineering applications 
concerning the ultrasonic inspection of structural parts, and those challenges were 
considered as opportunities for research and contribution. Specifically, the work 
presented in this thesis focused on three individual research topics. 
 
8.1.1 First Research Topic 
The first one was related to the development of “smart” composite materials where, 
according to the literature, the insertion of sensing networks in CFRP laminates was found 
to affect the structural integrity of the material. That was mainly attributed to the use of 
polymeric film or coating for the electrical insulation of the sensors, which was reported 
to inhibit the adhesion between the composite layers and cause delamination. This part of 
the work introduced a novel configuration of embedded sensors in CFRP plates, involving 
the use of thin PZT disks insulated with a single-layered patch of glass fibre fabric. The 
experimental activities associated with this research topic were divided and completed in 
the three journal articles (Paper I – Paper III) presented from Chapter 3 to Chapter 5.  
In Chapter 3, initial numerical simulations suggested that the PZT disks should be 
embedded at a position above the middle plane of the laminate to minimise the 
interlaminar shear stress exerted on the sensors under bending of the laminate. Then, the 
results from mechanical tests indicated that CFRP specimens with the proposed layout of 
internal PZTs and ordinary specimens without sensors had statistically equal means of 
compressive strength (~495 MPa), flexural strength (~735 MPa) and interlaminar shear 
strength (~51 MPa). Also, post-test examinations of the fractured surfaces in the samples 
revealed that the failure mode and size of damage was the same between the “smart” and 
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the normal composite samples. Next, the insulation method was found to prevent the 
short-circuiting of the embedded transducers during ultrasonic excitation. Finally, the 
results from ultrasonic experiments on CFRP plates containing delamination at a single 
interface, suggested that the internal sensors detected the damage with nearly two times 
higher sensitivity than surface-bonded sensors, with reference to the nonlinear ultrasonic 
effect of second harmonic generation. 
In the publication of Chapter 4 (Paper II), pairs of the proposed design of embedded 
PZT transducers were employed for the detection of different damage scenarios in 
composite laminates, including damage presented only at a single interface, and damage 
extending through multiple layers. In particular, ultrasonic experiments under single- and 
dual-frequency excitation were conducted on a CFRP plate containing two areas of in-
plane delamination with different size, and on a plate including through-thickness damage 
caused by two impacts of different energy. The results obtained based on the method of 
second-order harmonic detection and the technique of wave modulation verified the 
capability of these embedded sensors to excite and identify each damage at a unique 
frequency. Indeed, measurements of the out-of-plane vibration velocity on the surface of 
the plates showed that each damage was excited at the determined ultrasonic frequency. 
In the last research paper (Chapter 5) related to the embedding of transducers in 
composites, CFRP samples with two sensors and plain samples were subject to tensile 
and fatigue tests, and the results indicated that the two specimen groups had 
approximately the same values of tensile strength (~910 MPa) and fatigue life (~713,000 
cycles). These tests were also performed using specimens with central impact damage, 
and the results were again similar between the two groups (~865 MPa and ~675,000 
cycles). In both cases of undamaged and damaged samples, the failure type of the “smart” 
samples was the same as that of the normal samples under static and cyclic tensile loading. 
In addition, three of the impacted samples with embedded PZT disks were also subject to 
ultrasonic experiments every 120,000 cycles up to the limit of 480,000 cycles where the 
sensors were found to start failing, according to the measurements of their electrical 
capacitance. These experiments confirmed that the embedded transducers remained 
functional for more than 70% of the fatigue life of the specimens. Moreover, the results 
proved that these sensors were capable of monitoring the growth of impact damage under 
cyclic loading, by recording a total increase of more than one order of magnitude in the 
amplitude of the relative acoustic nonlinearity parameter 𝛽. 
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Before moving to the second topic of this research project, it should be mentioned that 
the unique design of CFRP laminates with glass fibre insulated PZT disks was also 
employed in the studies of De Simone at al. [198] and Coles et al. [199]. As explained at 
the beginning of Chapter 5, both studies demonstrated the capabilities of the “smart” 
CFRP plates in the localisation of impacts within a monitoring grid on the surface of the 
plates using the TR method. This was the first time that TR method was applied using 
embedded transducers for the positioning of impacts on composites. In the work of De 
Simone et al., a dual-plate system was developed for the characterisation of impacts on 
satellite structures from particles of space debris. This system achieved the detection of 
the impact position on the plates, and the calculation of the velocity and direction of the 
impacting particle. Coles et al. introduced a topological algorithm that could be used with 
the TR method for more precise detection of impacts within the cells of the monitoring 
grid. This algorithm was successfully applied to the inspection of undamaged and 
damaged plates using the embedded PZTs, and the results suggested better accuracy in 
the localisation of single and double bouncing impacts. According to the above, it is 
concluded that the specific design of “smart” CFRP laminates could be exploited in the 
manufacture of composite structures with built-in ultrasonic SHM capabilities. 
 
8.1.2 Second Research Topic 
The second research topic of this project looked at developing an innovative SHM method 
that could effectively highlight the position of impact damage on laminated composite 
structures using ultrasonic signals recorded by a surface-attached array of sensors. To 
overcome the limitations of existing techniques, the accuracy of the new algorithm should 
not rely on data that were collected when the structures was defect-free, or measurements 
of the wave velocity or even on the assumption that the sensors would be functional. 
This was explored in the publication outlined in Chapter 6. The proposed SHM 
method involved the transmission and capturing of ultrasonic waves in the forward and 
backward directions of all paths existing in a circular network of transducers. The 
developed algorithm included an initial process for the detection of malfunctioning 
sensors. That was achieved based on the correlation coefficient between the signals 
recorded in the two directions of the peripheral paths, as these signals were expected to 
be less affected by the presence of damage within the array. Regarding the process for the 
localisation of impact damage, the algorithm began with the determination of the single 
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frequency corresponding to the highest received signal amplitude in the average spectrum 
of the signals acquired in all paths under wide-frequency excitation. By repeating the 
transmission-reception process at the chosen frequency, the value of the relative 
parameter 𝛽 in each path was calculated from the amplitude of the captured signal at the 
fundamental and second harmonic frequencies. These values of 𝛽 were assigned to the 
corresponding paths, and then, the paths were summed up to produce a surface plot of the 
amplitude of 𝛽 inside the monitored region. The location of crossing paths with the 
highest values of 𝛽 resulted in a maximum point on the surface plot that indicated the 
position of impact damage. Experimental application of this method on three CFRP 
panels with different design and size of impact damage suggested successful detection of 
the location of BVID within a range of 4-22 mm. Also, in a separate case, a partially 
damaged transducer in the array was identified correctly. Therefore, the developed 
algorithm could potentially be used as an alternative SHM method in applications 
requiring simple and reliable localisation of impact damage in composite laminates. 
 
8.1.3 Third Research Topic 
The third and last topic of this research study was related to the introduction of an 
ultrasonic phased array method capable of detecting accurately the positions of horizontal 
contact defects present simultaneously at various levels through the thickness of metallic 
and composite materials. Ideally, this type of inspection would require strong excitation 
of the contact surfaces using waveforms of long duration and high amplitude, but this 
would equally be a limitation for standard phased array systems. Alternatively, this work 
aimed at increasing the SNR in the recorded response of the material, for higher 
sensitivity in the detection of acoustic nonlinearities generated by the defects. 
In particular, a nonlinear ultrasonic phased array technique was optimised with 
further processing of the single-frequency (𝑓1 or 𝑓2) and dual-frequency (𝑓1 and 𝑓2) signals 
recorded using four different firing orders of the piezoelectric elements. This processing 
of the signals combined with the use of the pulse inversion technique, allowed the filtering 
of the fundamental and second-order harmonics, and the isolation of the modulation 
sidebands at 𝑓𝑠 = 𝑓2 + 𝑓1 and 𝑓𝑑 = 𝑓2 − 𝑓1. From there, the nonlinear modulated response 
(𝑅𝛽𝑠+𝛽𝑑) equal to the sum of modulation parameters (𝛽𝑠 + 𝛽𝑑) was obtained and used for 
the inspection of the material. More specifically, the positions of the contact interfaces 
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and the back surface of the material could be recognised as distinctive peaks in the time 
domain of 𝑅𝛽𝑠+𝛽𝑑. This was successfully demonstrated on two stacks of aluminium disks 
and two stacks of rectangular CFRP laminates representing parts with horizontal 
interfaces between the front and back surfaces. The detected peaks were studied against 
the corresponding peaks present in the linear ultrasonic response (𝑅𝑓1) of the material 
under 𝑓1 excitation. The SNR for the nonlinear modulated peaks was up to three orders 
of magnitude higher. In addition, the peaks in 𝑅𝛽𝑠+𝛽𝑑 appeared to be more localised 
(narrower) as their width at 50% drop (i.e. 6 dB drop) from the maximum point was up 
to one order of magnitude smaller than the width of peaks in 𝑅𝑓1. Finally, the positioning 
error between the peaks and the expected positions of the contact flaws was about 45% 
smaller in the case of nonlinear modulated response. Therefore, the results of this 
comparative analysis proved that the presented technique could possibly be integrated 
into future phased array systems for more precise pulse-echo inspection of materials. 
 
8.2 Summary of Contributions and Thesis Conclusion 
The major contributions and the main conclusion of this thesis are summarised below. 
 
The novel design of smart composites developed and tested in Chapters 3 to 5 proved for 
the first time that: 
• Piezoelectric PZT sensors can be inserted directly at the interface between the layers 
of CFRP laminates without reducing the mechanical performance of the material. 
• Short-circuiting of embedded PZTs can be successfully avoided using a thin dry layer 
of woven glass fibre fabric which provides stronger adhesion to the surrounding 
matrix relative to the conventionally used polyimide (Kapton) layer. 
• Embedded PZT disks can be employed for the detection and monitoring of 
delamination and impact damage in composites based on nonlinear ultrasonic testing 
methods, which are widely-approved for their higher sensitivity to micro-defects 
compared with linear ultrasonic techniques. 
 
The SHM algorithm introduced in Chapter 6 combined a balanced set of capabilities that 
together offered a more practical, reliable and effective solution for the detection of 
impact damage position on composite panels. In fact, the proposed method offers:  
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• Improved practicality in the acquisition and processing of ultrasonic data because, 
unlikely most of the existing methods, the algorithm is independent of baseline data 
and calculations involving the arrival time of signals. 
• Enhanced reliability in the inspection of the panels due to the ability of the algorithm 
to identify malfunctioning sensors (i.e. avoidance of incorrect readings). 
• Higher effectiveness in the localisation of impact damage, by determining a suitable 
signal transmission frequency that is expected to cause stronger excitation of the 
damaged layers (i.e. stronger ultrasonic nonlinearities). 
 
The optimisation of the technique presented in Chapter 7 was based on a new expression 
for the post-processing of ultrasonic signals acquired with different firing combinations 
of the phased array elements at two frequencies, in order to extract the nonlinearities 
related only to the modulation of ultrasonic waves. Such a technique can be used to:  
• Achieve significantly higher values of SNR and consequently better resolution of 
ultrasonic inspection.  
• Identify flaws at deeper levels inside the material without the need for signals of 
higher voltage and longer duration, which is the main limitation of phased array 
systems. 
• Detect multiple horizontal contact-type defects presented simultaneously at different 
interfaces through the thickness of the material, which is particularly challenging for 
both linear and nonlinear ultrasonic methods. 
 
In conclusion, according to the current literature it is obvious that there is not (and may 
never be) a single system or method for ultrasonic inspection of materials, to perfectly 
meet the requirements of all the different engineering applications. Instead, there is a 
continuous effort by academic and industrial research centres for the creation of new tools 
and/or the advancement of techniques which aim at characterising the condition of 
specific structures with high sensitivity and accuracy. As explained at the beginning of 
the thesis, that was also the primary focus of this research project. The work presented in 
the previous chapters resulted in a set of ultrasonic SHM designs and NDE techniques 
that could potentially be utilised in aerospace and other engineering fields for enhanced 
detection, localisation and monitoring of defects in metallic and composite materials. 
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8.3 Future Work 
The experimental activities completed in the individual research areas of this thesis 
showed promising results. However, there are still some aspects that can be studied in the 
future to gain a better understanding of the capabilities and limitations of the proposed 
SHM designs and NDE methods. 
Starting from the layout of integrated PZT transducers in CFRP composites, besides 
the fatigue tests completed on impacted samples, the damage tolerance of these “smart” 
composites can be further examined by performing compression tests on impacted 
samples (compression-after-impact tests). Also, apart from the interlaminar shear tests 
carried out using short-beam bending method, it will be interesting to assess the mode I 
interlaminar fracture toughness of the laminates with double cantilever beam tests. About 
the ultrasonic performance of the embedded transducers, except for the identification of 
damage existence in composites, additional experiments can be performed using arrays 
of internal PZT sensors for the detection of damage position using techniques other than 
the TR method which has already been applied by De Simone and Coles [198, 199]. The 
nonlinear ultrasonic SHM method presented in Chapter 6 is an example. In addition, the 
possibility of estimating the size of damage (i.e. damage imaging) using networks of 
embedded transducers can be examined by either creating a new algorithm or using an 
existing technique from studies with surface-bonded sensors, such as the nonlinear elastic 
multi-path imaging (NEMI) method [200]. 
Moving to the SHM method introduced in Chapter 6 for damage positioning in 
composite materials, a possible topic for future study is the application of the developed 
algorithm using non-circular arrays of sensors. For instance, demonstration of damage 
localisation using square or hexagonal sensor networks will be interesting as these 
arrangements can provide more efficient coverage of the surface depending on the shape 
of the structure under inspection. Moreover, future investigations can be focused on the 
reduction of damage positioning error of the algorithm. Experiments can be carried out 
using arrays with greater number of transducers (i.e. additional sensor-to-sensor paths) to 
study the effect on the resolution of the map of material nonlinearity. 
Regarding the nonlinear ultrasonic phased array method presented in Chapter 7, 
future work shall explore its suitability for the detection of contact flaws through the walls 
of parts with curved profile (e.g. aircraft wing skin) or round tubular symmetry (e.g. pipe) 
using flexible or curved phased array probes. Furthermore, it will be useful to test the 
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performance of this method on different damage layouts. Examples include the inspection 
of thinner parts where the distance between the contact interfaces is smaller, and parts 
with contact defects that are not necessarily located exactly one on top of the other or 
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